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“The road and the tale have both been long, would you not say so? The trip has been long 

and the cost has been high...but no great thing was easily attained. A long tale, like a tall 

Tower, must be built a stone at a time.”  

 

Stephen King – The Dark Tower 
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I. Abstract 

 

Polyamides (PAs) are an important class of polymers due to their exceptional mechanical 

properties, thermal stability, and chemical resistance. However, conventional PAs prepared 

from fossil-based feedstocks face limitations in terms of structural diversity and sustainable 

production. Fossil resources are finite, and their extraction and processing contribute to various 

environmental problems. Furthermore, there is a growing need for innovative materials for 

specialty applications to meet the needs of modern society, especially in the field of 

biomedicine. Biomaterials, i.e. bio-PAs and their co-polymers, derived from renewable 

biomass, offer a sustainable solution by addressing environmental concerns and introducing 

unique structures for tailored properties. 

 

This work explores the synthesis and strategic design of bio-based materials derived from 

renewable terpene monomers. The overarching objective is to develop a comprehensive 

framework encompassing the establishment of efficient monomer synthesis, the 

polymerization of sustainable bio-PAs, and the adaptation of polymer properties through 

copolymerization and strategic functionalization. Particular emphasis is placed on investigating 

potential biomedical applications. 

 

The research begins by identifying the terpenes, limonene, and β-pinene as abundant and 

structurally advantageous starting materials for lactam modification and subsequent 

polymerization. Efficient synthesis routes for their respective lactams are established and 

optimized, meeting industrial scalability and applicability. The unique structural features of 

these monomers, such as the bicyclic nature of β-pinene and the exo-cyclic double bond in 

limonene, hold the promise to impart stability or functionalizability into the resulting polymers. 

Anionic ring-opening polymerization (AROP) is employed for the controlled synthesis of high 

molecular weight limonene polyamide (LiPA) and β-pinene polyamide (PiPA). Challenges 

posed by steric hindrance and side reactions are addressed through the judicious selection of 

initiators and activators. Upscaling to gram quantities is achieved, enabling thorough material 

characterization and processing. The resulting PiPAs exhibit excellent thermal stability, good 

mechanical properties, and transparent appearance, while LiPAs possess not only good 

thermal stability but also functionalizability, rendering both PAs promising for high-

performance/bio-applications. 
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To combine the strengths of PAs, e.g. high thermal and mechanical stability, and the strengths 

of polyesters, e.g. biocompatibility, ring-opening copolymerization (ROCOP) of β-pinene 

lactam and ε-caprolactone is investigated, yielding polyesteramides (PEAs) with tunable 

properties, such as solubility and brittleness, and high thermal stability.  

Recognizing the potential of LiPA for biomedical applications, thiol-ene click chemistry is 

employed to introduce various functional groups, including alkyl, ester, and sulfonate moieties. 

This strategic modification enables the tuning of glass transition temperature, solubility, 

hydrophilicity, and even the formation of amphiphilic micelles for potential drug delivery 

applications. The high tolerance of the thiol-ene reaction towards diverse functional groups 

opens avenues for future incorporation of bioactive moieties, such as cell-binding motifs for 

tissue engineering. 

 

While the findings are highly promising, further investigations are necessary to address 

challenges like poor solubility, processability, and evaluating specific biomedical applications 

through cell tests. Nevertheless, this thesis contributes significantly to the field of sustainable 

materials science by introducing novel monomers, polymers, and a versatile functionalization 

approach, ultimately paving the way for innovative and environmentally conscious solutions in 

biomedicine and beyond. 
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II. Zusammenfassung 

 

Polyamide (PAs) sind aufgrund ihrer außergewöhnlichen mechanischen Eigenschaften, ihrer 

thermischen Stabilität und ihrer chemischen Beständigkeit eine wichtige Polymerklasse. 

Konventionelle PAs, die aus Erdöl hergestellt werden, stoßen jedoch bezüglich ihrer 

strukturellen Vielfalt und nachhaltigen Produktion, an ihre Grenzen. Fossile Ressourcen sind 

nicht nur endlich, sondern ihre Gewinnung und Verarbeitung tragen zu verschiedenen 

Umweltproblemen bei. Darüber hinaus besteht ein wachsender Bedarf an innovativen 

Materialien. speziell für die Bedürfnisse und Probleme einer modernen Gesellschaft, 

insbesondere im Bereich der Biomedizin. Biomaterialien, d. h. Bio-PAs und ihre Co-Polymere, 

die aus erneuerbarer Biomasse gewonnen werden, bieten eine nachhaltige Lösung, indem sie 

Umweltprobleme umgehen und besondere Strukturen für anpassbare Eigenschaften 

einführen können. 

 

Diese Arbeit befasst sich mit der Synthese und dem strategischen Design von biobasierten 

Materialien, die aus erneuerbaren Terpenmonomeren gewonnen werden. Das übergeordnete 

Ziel ist die Entwicklung eines umfassenden Konzepts, das die Etablierung einer effizienten 

Monomersynthese, die Polymerisation von nachhaltigen Bio-PAs und die Anpassung der 

Polymereigenschaften durch Copolymerisation und strategische Funktionalisierung 

umschließt. Besonderes Augenmerk wird dabei auf die Untersuchung potenzieller 

biomedizinischer Anwendungen gelegt. 

 

Der Anfang der Forschung stellt die Identifizierung der Terpene, Limonen und β-Pinen als 

reichlich vorhandene und strukturell vorteilhafte Ausgangsstoffe für die Lactam-Modifikation 

und anschließende Polymerisation, dar. Effiziente Syntheserouten für die jeweiligen Lactame 

werden etabliert und für eine industrielle Skalierbarkeit und Anwendbarkeit optimiert. Die 

einzigartigen strukturellen Merkmale dieser Monomere, wie die bicyclische Natur von β-Pinen 

und die exo-cyclische Doppelbindung in Limonen, versprechen Stabilität oder 

Funktionalisierbarkeit für die resultierenden Polymeren.  

 

Für die kontrollierte Synthese von hochmolekularem Limonenpolyamid (LiPA) und β-

Pinenpolyamid (PiPA) wird vorzugsweise die anionische Ringöffnungspolymerisation (AROP) 

eingesetzt. Die Herausforderungen durch sterische Hindernisse und Nebenreaktionen werden 

durch die sorgfältige Auswahl von Initiatoren und Aktivatoren bewältigt und ein Upscaling auf 

Grammmengen erreicht, was eine gründliche Materialcharakterisierung und Verarbeitung 

ermöglicht. Die resultierenden PiPAs zeichnen sich durch eine ausgezeichnete thermische 
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Stabilität, gute mechanische Eigenschaften und ein transparentes Aussehen aus, während 

LiPAs nicht nur eine gute thermische Stabilität aufweisen, sondern auch funktionalisierbar 

sind, was beide PAs vielversprechend für Hochleistungs-/Bioanwendungen macht. 

 

Um die Stärken von PAs, z. B. hohe thermische und mechanische Stabilität, mit den Stärken 

von Polyestern, z. B. Biokompatibilität, zu kombinieren, wird die Ringöffnungscopolymerisation 

(ROCOP) von β-Pinenlactam und ε-Caprolacton für die Synthese von Polyesteramiden (PEAs) 

mit einstellbaren Eigenschaften wie Löslichkeit und Sprödigkeit sowie hoher thermischer 

Stabilität untersucht und eingesetzt. Angesichts des Potenzials von LiPA für biomedizinische 

Anwendungen wird die Thiol-En-Click-Chemie eingesetzt, um verschiedene funktionelle 

Gruppen wie Alkyl-, Ester- und Sulfonatgruppen einzuführen. Diese strategische Modifikation 

ermöglicht die Einstellung der Glasübergangstemperatur, der Löslichkeit, der Hydrophilie und 

sogar die Bildung von amphiphilen Mizellen für potenzielle pharmazeutische Anwendungen. 

Die hohe Toleranz der Thiol-En-Reaktion gegenüber verschiedenen funktionellen Gruppen 

eröffnet die Möglichkeit einer Funktionalisierung mit bioaktiven Komponenten, wie z. B. 

zellbindenden Motiven für das Tissue Engineering. 

 

Obwohl die genannten Ergebnisse vielversprechend sind, sind weitere Untersuchungen 

erforderlich, um Probleme wie schlechte Löslichkeit und Verarbeitbarkeit zu lösen und 

spezifische biomedizinische Anwendungen durch Zelltests zu evaluieren und zu ermöglichen. 

Dennoch leistet diese Arbeit durch die Einführung neuer Monomere, Polymere und einen 

vielseitigen Funktionalisierungsansatz einen wichtigen Beitrag zum Bereich der nachhaltigen 

Materialwissenschaften und ebnet letztlich den Weg für innovative und umweltbewusste 

Lösungen in vielen Bereichen, wie in der Biomedizin.  
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1. Introduction – The Rise of Biopolyamides  

 

The History of Polyamides – A Pioneering Polymer Class That Shaped Our World   

In the ever-evolving landscape of polymer science, few polymers have left an indelible mark 

quite like the class of polyamides (PAs). From the groundbreaking discovery of Nylon 66 by 

Carothers (DuPont) in 1935 [1], these remarkable materials have woven themselves into the 

fabric of modern life. PAs have found extensive utility across diverse sectors, including textiles, 

automotive manufacturing, packaging, and medicine, earning global recognition and 

widespread use. Their exceptional mechanical strength, high degradation temperatures, and 

high resistance to a broad spectrum of chemicals, including organic solvents, acids, and bases, 

stem from very strong hydrogen bonding among the amide groups (-CONH-), rendering them 

ideal for applications requiring durability and resilience. Furthermore, the popularity of 

conventional synthetic PAs is underscored by their low-cost mass production. Crude oil-

derived monomers, such as ε-caprolactam for Nylon 6, enable the production of cheap 

materials for everyday – and often single – use.[2]  

 

The Limitations of Fossil-Based Polymers: Sustainability and Structural Novelty  

Despite their wide-ranging success, conventional synthetic PAs face an uncertain future due 

to their reliance on fossil resources and environmental impact. One pressing concern is the 

sustainability and long-term availability of crude oil-based starting materials. Fossil resources 

are finite, and their extraction and processing contribute to greenhouse gas emissions and 

other environmental issues. Additionally, the price volatility of crude oil can significantly impact 

the cost of PA production. Moreover, common homo-PAs such as nylon-6 and nylon-6,6 are 

not readily biodegradable in natural environments, thereby posing substantial disposal 

challenges and exacerbating the accumulation of plastic waste in landfills and oceans.[2,3] 

 

Beyond these environmental and economic considerations, the most significant challenge with 

fossil-based polymers lies in their limited access to structurally diverse monomers. This 

limitation arises from the inherent properties of petrochemical feedstocks and established 

polymerization techniques, making the introduction of structural novelty synthetically complex 

and economically challenging. Yet, the growing demand for materials tailored to modern needs 

in tandem with technological advancements necessitates materials with unique structural 

properties and functionalities.[4] Especially in the field of biomedicine, structural novelty for 

developing advanced materials inherits a critical role. Polymers with specific molecular 

architectures, functional groups, or stereochemical features can interact with biological 

systems in unique ways, enabling targeted drug delivery, improved biocompatibility, or tailored 
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biodegradation profiles. Moreover, stimuli-responsiveness, self-healing capabilities, or specific 

optical and electronic properties can only be achieved through the introduction of functional 

(side-)groups. The pursuit of novel polymers is further fueled by the imperative for sustainable 

and environmentally friendly materials. Unique polymer structures derived from renewable 

resources or designed for efficient biodegradation hold promise in mitigating the environmental 

impact associated with synthetic PAs.[3,5–7] 

 

From Nature to An Innovative, Divers And Sustainable Polymer Future  

As the world awakens to the pressing need for sustainable solutions, a new class of polymers 

is emerging from nature itself – The Biopolyamides (Bio-PAs). Bio-PAs possess at least one 

of the following defining characteristics: Bio-based origin, biocompatibility, and 

biodegradability. Bio-based PAs present a promising solution to the issues faced by crude oil-

based PAs, offering unique structural properties and improved sustainability. They inherit their 

unique structural features from nature, enabling the design of materials with tailored properties 

for specialized applications and reducing the dependence on fossil fuels. Furthermore, the 

diverse range of biomass sources provides opportunities for introducing structural novelty and 

tailoring properties to meet the demands for specialized applications.[3–8] 

 

Bio-based PAs can be divided into two groups: PAs derived directly from nature and PAs 

polymerized from nature-based monomers. Although polymers directly sourced from nature 

possess inherent benefits such as cost-effectiveness, the fundamental structure of these 

polymers cannot be easily changed once isolated. Polymers from nature-based monomers, 

however, are versatile due to the possibility of modifying monomers prior to polymerization. 

This flexibility allows for fine-tuning of the polymer's properties to suit specific applications. 

Different polymerization processes/conditions enable control over various polymer properties, 

e.g. chain length and crystallization.[7,8]  

 

In summary, amid growing demands for specialized applications and sustainable materials, 

bio-PAs synthesized from nature-derived monomers have emerged as a promising solution. 

They combine structural novelty, sustainability, and other properties like biodegradability and 

biocompatibility. While current production volumes of bio-based and PAs remain relatively low 

compared to conventional commodity plastics, significant growth is anticipated in the coming 

years. With the advancement of bio-PAs, the forthcoming era of polymer chemistry will herald 

a sustainable polymer future – a future woven from nature itself, intertwining structural 

innovation and sustainability for specialty (bio-) applications.[8,9]   
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2. Ring-Opening Polymerization As Convenient Method for the 

Synthesis of Terpene-Based Aliphatic Bio-Polyamides and Their 

Copolymers 

 

The subsequent chapter furnishes a comprehensive theoretical background concerning the 

hypothesis that Ring-Opening Polymerization (ROP) serves as a convenient method for 

synthesizing terpene-based aliphatic bio-PAs and their copolymers. This chapter aims to 

summarize the general understanding and definition within the field of sustainable bio-PAs, 

alongside providing an overview of their historical development and current state of the art. 

Prior to exploring the range of suitable bio-based monomers, it is essential to elucidate the 

general preparation methods of PAs and define the material class biopolymers. Following a 

detailed illustration of the synthesis of relevant bio-based monomers, the resulting types of 

biomaterials will be presented. Finally, their potential application fields will be discussed. 

 

 

2.1. Biopolyamides – Definition and State of the Art 

 

As the worldwide demand for novel, structurally complex, and sustainable materials with 

unique properties increases, biopolymers – in this context, bio-PAs – could hold the solution 

to these challenges. To understand the motivation and objectives of this thesis, the material 

class “Biopolymers” must be defined first.[2–4,6–9] 

 

Biopolymers possess at least one of the following defining characteristics:  

 

 Bio-based: Polymers derived or synthesized from sustainable resources, such as plants or 

microorganisms, reducing the dependence on non-renewable fossil fuels. 

 

 Biocompatibility: Polymers that are non-toxic and can interact favorably with biological 

systems, making them suitable for biomedical applications. 

 

 Biodegradability: Capacity of the material to undergo degradation by microorganisms, 

such as bacteria or fungi, into smaller molecular components or biomass, thereby reducing 

their environmental impact. 
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Bio-based PAs themselves can be again divided into two groups: 

 

- Bio-PAs derived directly from nature: These bio-PAs are obtained directly from natural 

sources, such as silk, wool, or plant-based proteins. Examples include silk fibroin and plant-

based PAs like those found in wheat gluten or soy proteins. 

 

- Bio-PAs polymerized from nature-based monomers: These bio-PAs are synthesized 

from monomers derived from renewable biomass sources, such as plant oils, 

carbohydrates, or terpenes. Examples include PAs based on sebacic acid (derived from 

castor oil), PAs from diacids obtained from fermentation processes, and PAs derived from 

terpene-based lactams. 

 

 

2.2. The History of Nylon-Type Polyamides – Nylon 6,6 vs Nylon 6 

 

Aliphatic PAs can be produced using different methods, yet two main routes have been 

established: Polycondensation and ROP. The first synthetic PA – Nylon 66 - was prepared by 

Wallace H. Carothers in 1935 via polycondensation of adipic acid and 

hexamethylenediamine.[1] This PA possesses high mechanical strength, thermal stability, and 

favorable solution resistance, revolutionizing the polymer and plastic manufacturing industries. 

Polycondensation proceeds via a step-growth mechanism, whereby the molecular weight 

increases gradually as the reaction progresses. While polycondensation is considered a 

straightforward method, it has drawbacks such as the requirement for high temperatures, thus 

temperature-stable monomers, difficulty in achieving high molecular weights, and the formation 

of condensation products like water, which need to be removed (see Figure 1, A).[2]  

 

An alternative synthesis method for PAs is the ROP of lactams. Nylon 6, first prepared by Paul 

Schlack (IG Farben) in 1938, is similar to nylon 66, consisting of a 5-methylene spacer between 

the amide linkages (see Figure 1, B).[10] Nylon 6 can be easily prepared via ROP of ε-

caprolactam. Initially, the industry employed water-catalyzed ROP at high temperatures (240–

280 °C).[10] However, due to the lack of reproducibility, other methods were sought. Anionic 

AROP), with strong bases as initiators and acylated lactams as activators, afforded higher 

rates and better control over the reaction. The ROP of lactams usually proceeds via a chain 

growth mechanism. Using anionic ROP (AROP) as an example, the lactams are initiated by 

strong non-nucleophilic bases such as alkali metal hydrides. These bases abstract a proton 

from the lactam monomer to form a lactamate anion. This anion then attacks an activator 
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(sometimes called a co-initiator) molecule, typically an N-acyl lactam derivative such as an N-

benzoyl caprolactam, producing the first anionic propagating species.[2] ROP has several 

advantages compared to polycondensation, including the ability to achieve high molecular 

weights and the absence of volatile byproducts. Additionally, another substance class can be 

used for polymerization. The development of improved initiators and activators AROP 

rendered a robust and controlled method for synthesizing various PAs.  

 

 

 

 

 

Figure 1: The two established main routes for the preparation of PAs using Nylon 6,6 and Nylon 6 as examples: 

polycondensation and ROP. 

 

 

After these discoveries, additional PAs have been commercialized, e.g., Nylon 12 via ROP of 

laurolactam. Anyhow, until today, the Nylon 6 product segment accounts for more than 50 % 

of the global revenue for nylon polymers, estimated at over 30 billion US dollars.[11] Which 

makes Nylon 6 the most widely produced and commercially significant PAs worldwide.[12] 
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2.3. Scope of Sustainable Monomers in Ring-Opening Polymerization 

 

2.3.1. General Considerations  

Lactams are used as monomers to prepare PAs via ROP. The most prominent and historically 

first example is the -caprolactam (3), which is utilized for the synthesis of Nylon 6. The 

synthesis of 3 follows an established synthetic pathway, starting with the corresponding ketone 

(1). It is estimated that approximately 90% of the global production of 3 is derived from 

cyclohexanone (1). The conversion of 1 to 3 involves two steps: firstly, 1 undergoes oximation, 

and subsequently, the oxime (2) undergoes a Beckmann rearrangement, a reaction discovered 

by Ernst Beckmann in 1886.[13] This sequence of reactions facilitates the relatively facile 

synthesis of 3, as illustrated in Figure 2. 

 

 

 

Figure 2: The established synthesis route for the preparation -caprolactam (3) via oximation and Beckmann 

rearrangement of cyclohexanone (1). 

 

It is important to note that the ROP can be applied for a diverse range of lactam monomers, 

encompassing β-lactams derivates with four ring-atoms to the larger laurolactams derivates 

containing thirteen ring-atoms (see Figure 3). As an example, nylon 3 polymers from -lactams 

– also known as -peptides – have been extensively studied regarding their biomedical 

applications.[14] However, the ring size and structural properties of the lactam monomers exert 

a significant influence on the polymerization conditions and the resulting PA 

characteristics.[2,15,16] A comprehensive discussion on the impact of lactam ring size and 

structural features on the polymerization behavior will be presented in the subsequent chapter.  

 

 
 

Figure 3: Various lactams with different ring sizes for ROP. 
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2.3.2. Polymerizability of Lactams 

The ability of lactams to undergo ROP is called polymerizability. When talking about 

polymerizability, we have in mind both the thermodynamic feasibility and a suitable reaction 

path to convert the cyclic monomer into a linear polymer. However, the term polymerizability 

is sometimes used as a synonym for both the rate of polymerization and the thermodynamic 

instability of the lactam.[2,15,16]  

 

Thermodynamic polymerizability is related to the Gibbs energy change (ΔGp) for the 

polymerization reaction. A negative ΔGp indicates that lactam polymerization is 

thermodynamically feasible. Generally speaking, ΔGp decreases for lactams with ≥7 ring atoms 

being negative and thus favoring polymerization. However, a negative ΔGp is a necessary but 

not sufficient condition for polymerization to occur, as kinetic factors also play a role.[15,17]  

 

Kinetic polymerizability refers to the ease or difficulty of transforming a cyclic lactam into a 

linear polymer chain under specific conditions. It depends on factors like the initiation 

mechanism (anionic, cationic, or hydrolytic), ring strain, substitution, nucleophilicity, and 

electrophilicity.[2,18] The correlation between these parameters is complex, and kinetic 

polymerizability can vary significantly depending on the conditions. Substituents on the lactam 

ring can affect the kinetic polymerizability, but their effects are not well understood and can be 

contradictory. However, since the rate-determining step of polymerization is very sensitive to 

steric effects in the vicinity of the amide group, we can make the general assumption that a 

steric-demanding lactam tends to be harder to polymerize.[18]  

 

In summary, both thermodynamic and kinetic factors influence the overall polymerizability of 

lactams, with ring size being a key determinant of thermodynamic feasibility and various 

structural and mechanistic factors affecting the kinetic aspects.[15,16] 

 

Ring strain and substituents are, in both cases, important criteria for evaluating the 

polymerizability of lactams. The higher the ring strain and the less sterically hindered, the 

higher the polymerizability. The magnitude of each type of strain depends on the ring size, 

substitution, and nature of ring atoms. For all lactams ring-strain increases with inhibition or 

reduction of amide group resonance. Smaller rings (3-4 members) have high strain due to 

bond angle distortion, whereas 5-membered rings have strain from bond opposition/eclipsed 

conformations. Medium rings (7-, 8- membered) have strain from non-bonded interactions, 

bond opposition, and restricted amide resonance, and very large rings avoid strain by adopting 

extended conformations.[15,18,19]  
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While 7-membered cyclic monomers exhibit moderate polymerizability and necessitate 

relatively high temperatures for polymerization, they remain the most extensively investigated 

and polymerized monomers in the field.[2] The PAs derived from these monomers are highly 

sought after, yet there is an increasing demand to render these PAs sustainable and tailor 

them for specialized applications.[15] 

 

In the subsequent chapter, we will explore renewable starting materials for the synthesis of 7-

membered lactams, addressing the need for novel and sustainable PAs with special 

properties.  

 

 

2.3.3. Terpenes: Bio-based Monomers for the Preparation of Bio-Polyamides  

Nature provides a rich array of monomers with diverse chemical structures and functionalities, 

offering exciting avenues for tailoring polymer properties through strategic modification.[20] 

Terpenes – a class of naturally occurring compounds – stand out as a promising sustainable 

feedstock for PA synthesis due to their unique structural features and widespread availability. 

One of the key advantages of cyclic terpenes is their ability to be readily converted into lactams, 

which can then undergo ROP to yield PAs with unique properties. This approach is analogous 

to the well-established synthesis of Nylon 6 from 3, starting with cyclohexanone 1 (Figure 2). 

Although, for most terpenes, the monomer synthesis route to their lactams, described in 

chapter 102.3.1 General Considerations can be applied, but adjustments are necessary due 

to their different structure.[13,21–26]  

 

In recent years, several cyclic terpenes have already been modified into their lactam, usually 

for subsequent ROP (see Figure 4).[2,27] However, the synthesis of terpene lactams dates back 

to 1893, when O. Wallach pioneered the synthesis of -pinene lactam (11) using the then 

recently discovered Beckmann rearrangement.[13,22,25] Terpene-based lactams have been 

synthesized not only for polymerization but also for various other applications, such as 

bioactive probes in medical research or as precursors in organic chemistry.[23] -pinene (5) 

was probably the first terpene to be converted into its lactam, which was subsequently 

polymerized (or rather oligomerized) by H. Hall in 1963, however, without further 

characterization.[24] Following this discovery, terpenes like -pinene[28], (-)-menthone[29] (6), 3-

carene (8)[27,28], and camphor (9)[9,22,30] have also been modified to their respective lactams and 

subsequently synthesized to their PAs.[9,13,22,25–27,29]  
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Figure 4: Most prominent cyclic terpenes and their respective lactams. 
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2.4. Mechanism and Characteristics of the Ring-Opening Polymerization of Lactams 

 

Nylon 66 revolutionized industries with its unique properties like low thermal and electrical 

conductivity, lightweight, and solvent/corrosion resistance. Its early applications ranged from 

hair combs to ship propellers to stockings. Structurally similar to nylon 66, nylon 6 was easier 

to prepare through ROP of ε-caprolactam (3), initially using water catalysis at high 

temperatures.[10] Improvements in AROP in the 1960s, including acylated 3 or acylating agents 

as activators, enabled higher polymerization rates and low residual monomer content.[2] 

 

In the following, the most common ways of ROP are presented and shortly discussed regarding 

their feasibility, pros, and cons. Russo and Casazza can be addressed for more detailed 

insights as they released 2012 one of the most detailed and impressive reviews on lactam 

ROP so far.[16] To illustrate the shown reaction mechanism in this work, we will use lactam 3 

as a model compound. 

 

For a general understanding of the different mechanisms and ROP conditions, the 

nucleophilicity of different lactam species is beforehand necessary (see Figure 5).[16] 

 

 

 

Figure 5: Order of nucleophilic reactivity of the model compound 3 and its derivates. 

 

 

2.4.1. Hydrolytic and Catalytic Ring-Opening Polymerization  

Hydrolytic ROP was the first ROP used for PA preparation and is an important industrial 

process for producing PAs like nylon-12. The mechanism and kinetics of water-initiated 

polymerization have been extensively studied and are well-established.[16]  

The hydrolytic ROP proceeds through a combination of stepwise addition and condensation 

reactions governed by three main equilibrium reactions: 

At high temperatures, the lactam (here 3) undergoes hydrolysis to form an ω-amino acid (3-

aa), which acts as the initiator. This endothermic reaction is favored by increasing temperature. 

The amine-terminated and acid-terminated chains undergo condensation to form amide 

linkages, contributing to chain growth. However, the presence of water negatively impacts the 

entropy, thus hindering the attainment of high molar masses. For a successful polymerization, 

water must be removed, shifting the reaction towards the PA. Lactam monomers can undergo 
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subsequent stepwise addition to either amine or carboxyl end groups, known as aminolytic 

and acidolytic polyreactions, respectively. The aminolytic reaction is the predominant pathway 

and can be catalyzed by carboxyl groups (see Figure 6).[16,16,31] 

 

 

 

 

Figure 6: Hydrolytic ROP using the model compound 3. 

 

While the hydrolytic ROP offers advantages, it also comes with some drawbacks. The 

presence of water, for example, hinders the attainment of high molar masses. Therefore, water 

must be effectively removed in the final steps to achieve the desired molecular weights. 

Depending on the stability of the lactams, the hydrolytic ROP requires high temperatures (240–

300 °C), limiting the range of more complex monomers that can be utilized. Additionally, the 

formation of cyclic oligomers, especially of the cyclic dimer, impacts the polymerization process 

and the properties of the resulting PA.[16,16,31,32] Despite these drawbacks, the hydrolytic ROP 

method still remains an important industrial process for producing PAs, owing to its 

simplicity.[16,31] 

 

 

2.4.2. Cationic Ring-Opening Polymerization  

The cationic polymerization of unsubstituted lactams was extensively studied between the late 

1960s and late 1980s, primarily for mechanistic purposes, as it had very limited practical 

applications at the time. Currently, cationic ROP (CROP) is considered industrially unimportant 

among the various lactam polymerization processes and has been largely abandoned. While 

not as widely employed as anionic polymerization, CROP offers access to N-substituted lactam 

polymers that are otherwise difficult to obtain. The CROP mechanism can be rather complex 

as it is highly dependent on both the initiating system/mechanism and the lactam substitution. 

The general mechanism can be divided into three stages: initiation, propagation, and 

termination.[16,16,33] 
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Initiation 

Among the various mechanisms, the polymerization initiated by protic inorganic acids, such as 

hydrogen chloride, is the most frequently used and, therefore, also the one described here. 

The polymerization begins with the protonation of the lactam (here 3) by a proton donor, 

resulting in an electrophilic center. As two potential sites of protonation exist in unsubstituted 

amides, it is important to note that protonation occurs preferentially at the less basic oxygen 

atom due to the higher resonance stability of this protonated lactam species compared to when 

the nitrogen atom is protonated. The neutral lactam (strongest nucleophile) then attacks the 

protonated lactam, yielding the aminoacyl lactam cation as an ammonium salt 3b or an amidine 

species 3c via a tetrahedron intermediate (3a) (see Figure 7).[16,16,33,34] 

 

 
Figure 7: Initiation mechanism of cationic ROP using 3 as a model compound. The tetrahedral intermediate (3a) 

indicates a two-way reaction (3b and 3c). 

 

 

Propagation 

Due to two active sites in 3b, namely the N-acyl lactam group and the ammonium ion, the 

propagation involves two mechanisms: chain growth by acylation and by aminolysis.[16,33,34] 

 

Chain Growth by Acylation 

The ammonium cation 3b participates in an equilibrium reaction, regenerating the 

protonated lactam and a neutral molecule with an amine end group (3d). Since the neutral 

amine group is the strongest nucleophile (see Figure 5), it is immediately acylated by the 

lactam cation, incorporating another monomer unit (3b+1) and propagating the chain growth 

by acylation (see Figure 8).[16,16,33] 

 

 

Figure 8: Propagation via acylation mechanism using 3 as a model compound. 
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Considering that the attack of 3d to the lactam cation also results in a tetrahedral 

intermediate, not only 3b+1 is possible but also the formation of another amidine species, 

analogous to Figure 7.[16] 

 

Chain Growth by Aminolysis 

In this mechanism, the terminal N-acyl lactam moiety in the already formed PA molecule 

(3d+n) reacts with the terminal amine group of another polymer chain (3b+m) after 

undergoing the same equilibrium reaction described in Figure 8. This results in linking the 

two polymer chains together through aminolysis. This reaction can occur at either the endo- 

or exocyclic carbonyl of the terminal acyl lactam, leading to two possible intermediates, 3e 

or 3f (see Figure 9).[16,16,34] 

 

 

 

 
Figure 9: Propagation via aminolysis mechanism to the two possible intermediates 3e and 3f. 

 

 

Intermediates 3e and 3f can – analogous to Figure 7 – undergo each two pathways, 

resulting in a total of four possible outcomes. Both intermediates can form an amidine 

species (3e1, 3f1) or promote further chain propagation by cleavage of the hemiaminal bond, 

resulting in 3e2 and 3f2 (see Figure 10).[16,33] 
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Figure 10: Propagation via aminolysis mechanism starting from the two intermediates 3e and 3f. 

 

 

Termination 

Despite the high reaction rates, cationic polymerizations often stop at relatively low 

conversions and low molar masses with high polydispersity due to side reactions that 

deactivate the active species. The formed amidine groups, for example, are highly basic and 

can neutralize the acidic initiator and deprotonate the lactam cations, reducing the formation 

of new propagation centers and stopping the chain growth. The water generated during this 

amidine formation, however, can lead to hydrolytic reactions with acylated lactams and 

acylated amidine structures, yielding a carboxylic end group, which again promotes the 

propagation step but also favors backbiting processes. This illustrates how complex and, in 

most cases, uncontrolled CROP is.[16,33]  
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2.4.3. Anionic Ring-Opening Polymerization  

The AROP of lactams has undergone significant developments since its early discovery. 

Especially the ability to polymerize a greater monomer scope in a feasible manner increased 

the popularity and interest in this method.[35] The polymerization mechanism involving chain 

growth via amide anions was established over the years, leading to comprehensive reviews 

by notable authors like Šebenda[15,36], Sekiguchi[37], Reimschuessel[38], Hashimoto[18], Russo 

and Casazza[16].[2,16,18,38]  

 

In general, the AROP of lactams consists of the initiation (usually the in-situ generation of the 

lactamate), charge transfer, propagation, and termination. We can differentiate between an 

'activated polymerization' and a 'non-activated polymerization’, using an activator/co-initiator 

or none, respectively. Literature often uses various terms interchangeably, leading to 

confusion. Here, initiators refer to the compounds capable of starting the discussed 

polymerization process. Activators or co-initiators are species that act as sources of non-ionic 

growth centers, enabling polymerization under more favorable conditions (higher rates and 

lower temperatures).[16]  

 

Initiation 

The initiation starts with the generation of a lactam anion, also known as a lactamate. This is 

achieved by abstracting a proton from the lactam monomer using a strong base, referred to as 

the initiator, such as an alkali metal. Subsequently, the lactamate reacts with either the 

monomer (R = H, non-activated AROP) or the activator molecule (R = activation species, 

activated AROP) through a ring-opening transamidation reaction. This reaction forms the N-

acyl lactam structure 3g, a process known as the disproportionation reaction. The rate of this 

disproportionation reaction depends on various factors, including the counter ion, reaction 

medium, lactam ring size, substituents, and the structure of the resulting monomeric unit.[16] 

The N-acyl lactams formed during the reaction are highly reactive towards the lactam anion. 

However, their buildup is slow, leading to an initial induction period characterized by a low 

polymerization rate. To eliminate this induction period and enable AROP to occur at much 

lower temperatures, an N-acyl lactam (R = activating species) can be added as an activator 

from the start.[2,16] Regardless of the approach (activated or non-activated AROP), the amine 

anion 3g is highly reactive and rapidly undergoes proton exchange with a lactam molecule. 

This proton exchange yields an imide dimer (3h) and regenerates a lactam anion (see Figure 

11).[2,16,18] 
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Figure 11: Initiation in AROP using lactam 3 as a model compound. The initiation consists of proton abstraction,  

formation of a tetrahedral dimer-intermediate, a disproportionation reaction forming 3g, and a proton exchange 

between a lactam and 3g to the imide dimer 3h and a lactamate. 

 

The initiator's ability to produce the lactam anion is crucial for initiating the polymerization 

process. In general, the choice of initiator and reaction conditions (temperature, co-initiators) 

depends on the specific lactam monomer and the desired polymer properties, such as 

molecular weight and dispersity.[2,23] In the following part of this section, we will elucidate the 

most common and suitable initiators: 

 

Alkali Metals and Alkali Metal Hydrides 

Alkali metals or alkali metal hydrides (e.g., sodium, potassium, sodium hydride) can initiate 

the AROP of lactams by in situ generation of lactamates. These initiators have been used 

for the polymerization of various lactams, including ε-caprolactam, laurolactam, and 

terpene-based lactams e.g. menthol-based ε-lactams. Huge advantages are the low costs, 

the easy handling, and the ability to quench remaining traces of water.[2,18,20,27,29]  

 

Phosphazene Bases 

Phosphazene bases, such as t-BuP4, initiate AROP similar to hydrides and offer advantages 

like moisture tolerance and milder reaction conditions compared to alkali metal-based 

initiators. The polymerization mechanism is highly responsive to the addition of co-initiators 

such as acylated caprolactam. t-BuP4 has been used for the polymerization of ε-

caprolactam, α-amino-ε-caprolactam, and unsubstituted β-lactams, with varying degrees of 

control over molecular weight and dispersity.[39,40]  

 

N-Heterocyclic Carbenes (NHCs) 

NHCs are organo-catalysts that can initiate the AROP of lactams. The basicity of the 

generated carbene, influenced by factors like ring size and substituent groups, plays a 

crucial role in the polymerization efficiency. NHC-catalyzed polymerizations can be 

conducted without the need for co-initiators and may exhibit "chain multiplication" behavior, 

leading to lower molecular weights at higher monomer conversions.[2,41] 
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Propagation and Termination 

The lactamate attacks the electrophilic carbonyl group of 3h, causing ring-opening and the 

formation of a new anionic center. This process continues via proton exchange with another 

monomer to the respective lactamate and the formation of 3h+1, 3h+2, etc.[16,42] 

 

 

 

Figure 12: Propagation mechanism in AROP using lactam 3 as a model compound.  

 

The propagation step in AROP of lactams is a complex and multifaceted process that has been 

the subject of extensive research and debate within the scientific community. While the exact 

mechanism is not yet fully understood, the main influences could be identified. The mechanism 

is mainly influenced by the nature of the counter ions, temperature, and solvent polarity. 

Several mechanisms have been proposed to especially elucidate the role of counter ions and 

their interactions with the growing polymer chain. The nature of the counter ion is a crucial 

factor in determining the degree of dissociation of the lactamates, which directly impacts the 

propagation process.[42,43]  

 

The polymerization can be terminated by introducing a quenching agent that reacts with the 

anionic chain end or by allowing the anionic species to undergo side reactions or elimination 

processes, e.g. water at room temperature.[2,16,18] 

 

 

Side Reactions 

Side reactions are a common occurrence in AROP of lactams due to the high reactivity of the 

species involved. They become increasingly prevalent when operating at elevated 

temperatures and extended polymerization times. The strongly basic conditions inherent to 

this polymerization type promote polymer branching and the formation of troublesome β-keto 

compounds. The primary side reactions that can occur during AROP are transamidation, 

Clasen-type condensation, and depolymerization. Understanding these side reactions is 

crucial for achieving controlled polymerization and well-defined polymer architectures.[2,18,39,42] 
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Transamidation and Condensation 

Transamidation and condensation reactions involve the exchange of groups between the 

growing polymer chain end and another molecule. Possible side reactions and their 

mechanism are portrayed in Figure 13, using 3h+n from Figure 12 as model PA.  

One of the most notable side reactions is the formation of carbanions. The hydrogen atoms 

in the α-position relative to the imide group carbonyls in 3h+n have comparable acidity to 

those in amide groups. Consequently, in the presence of a strong base (e.g., lactamate), 

carbanions can form, which in turn can undergo Claisen-type condensation reactions. C-

acylation reactions on the exo- and endocyclic carbonyls of the N-acyl lactams form side 

products like β-ketoimides and, subsequently, β-ketoamides (see Figure 13 a) and b)). The 

rates of these C-acylation reactions are often comparable to or even exceed the rate of 

propagation itself. Once formed, these β-keto compounds are far from idle bystanders. They 

can participate in a myriad of secondary reactions, including branching or crosslinking, 

further complicating the polymer architecture.  

 

Transamidation, on the other side (depicted in Figure 13 c), d), e), and f)) results in chain 

transfer yielding either longer chains (c)) or branched PAs (d)). This side reaction also 

participates in subsequent reactions (e) and f)), complicating the polymerization and 

polymer structure.[15,16,18]  

 

 

 

Figure 13: Modell transamidation reactions to demonstrate possible side reactions typically in AROP. 
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Depolymerization 

Depolymerization can occur during AROP, particularly at elevated temperatures or in the 

presence of protic impurities (Figure 13 e) and f)). Additionally, β-ketoamides – formed e.g. 

during Claisen-type condensation (Figure 13 c)) and subsequent ring-opening – can 

undergo thermal or base-catalyzed decomposition, yielding ketones and isocyanates.[16] 

 

Suppressing Side Reactions 

These reactions can lead to a broadening of the molecular weight distribution and loss of 

control over the polymerization process. Suppressing these side reactions is crucial for 

achieving living AROP and obtaining well-defined PAs with controlled molecular weights 

and architectures. While it is challenging to completely eliminate side reactions, adopting 

fast, low-temperature polymerization conditions can significantly limit their formation. Other 

strategies to mitigate side reactions include the use of lactam monomers with minimal active 

hydrogens and high ring strain and minimizing the presence of protic impurities and 

moisture, which can initiate side reactions.[16] 

 

 

Kinetics 

AROP has been extensively studied in academic research, contributing to a deeper 

understanding of polymerization kinetics, reaction mechanisms, and structure-property 

relationships. Duda and Kowalski contributed with their review on “Thermodynamics and 

Kinetics of Ring‐Opening Polymerization” to the mechanistic understanding of AROP.[17]  

Besides being chain growth polymerization, AROP is often considered a living-type 

polymerization where the active anionic centers remain reactive throughout the polymerization, 

enabling chain growth without termination or irreversible chain transfer. Additionally, fast and 

quantitative initiation ensures all polymer chains start growing simultaneously. When plotting 

a living-type AROP, one can observe a linear decrease of monomer concentration with time, 

indicating a constant concentration of active species, creating a linear semi-logarithmic kinetic 

plot. The number-average molar mass also increases linearly with monomer conversion, 

indicating the absence of termination or chain transfer.[17,18] 

 

By fulfilling these aspects, living-type AROP enables excellent control over the polymerization 

process, resulting in well-defined polymer architectures with predetermined molar masses and 

narrow polydispersity.[17] 

 

 



 

24 
 

 

Advantages of Anionic Ring-Opening Polymerization 

AROP stands out as the fastest method for the preparation of PAs, with a relatively low 

activation energy. The anionic mechanism involves a more reactive nucleophilic attack on the 

lactam ring compared to the CROP, leading to faster propagation rates and higher 

conversions. AROP is also considered the most suitable polymerization method for structurally 

complex lactams, e.g. nature-derived lactams. Bulk polymerizations can occur below or above 

the polymer's melting point, with the lower limit being the lactam's melting temperature and the 

solubility limit of the polymer in the molten monomer. This allows for milder reaction conditions, 

while cationic ROP often requires harsher conditions, such as high temperatures or the use of 

strong acids as initiators, which can lead to side reactions or degradation.[14,16–18,31,33,34,42–44]  

 

AROP allows for the synthesis of high molecular weight PAs with narrow molecular weight 

distributions and controlled polymer properties due to the living nature of the polymerization. 

Unlike hydrolytic polymerization, which generates water as a byproduct, AROP proceeds 

without the formation of any side products. This simplifies the purification process and avoids 

potential side reactions that can lead to branching or crosslinking.[2,14,15,17,18,36,42–44] 

 

In summary, the living nature, fast kinetics, mild conditions, versatility in monomer selection, 

and ability to control polymerization renders AROP the preferred method for the synthesis of 

high-performance PAs from lactams compared to hydrolytic and cationic ROP techniques. 
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2.5. Anionic Ring-Opening Polymerization of Terpene-Based Lactams: A Gateway to 

Divers Materials 

 

The AROP of lactams has emerged as a versatile synthetic route to access a wide range of 

PAs. This powerful technique not only enables the synthesis of homo-PAs but also facilitates 

the preparation of copolymers and functionalized PAs, offering a rich playground for polymer 

chemists. 

 

2.5.1. Homo-Polyamides 

Homo-PAs, derived from the AROP of lactams, have gained significant attention due to their 

potential for sustainability and unique properties. Among these, terpene-based PAs stand out 

as promising candidates for various applications. Terpene-based materials exhibit remarkable 

properties that make them attractive for diverse applications. Their inherent rigidity and 

crystallinity contribute to excellent mechanical strength and thermal stability, while their 

hydrophobic nature imparts resistance to moisture and solvents, which in return also means 

insolubility in most solvents and difficult processability. The incorporation of terpene moieties 

can introduce unique functionalities, such as antimicrobial or antioxidant properties, expanding 

the potential applications of these polymers.[2,9,21,27–29]  

 

2.5.2. Copolymers: Tailoring Properties through Molecular Architecture 

The AROP of lactams also enables the synthesis of copolymers, which offer a powerful means 

to fine-tune the properties of the resulting materials. The two main categories important here 

are block copolymers and random (statistical) copolymers, depending on the arranged 

monomers, e.g. Monomer A and Monomer B, as apparent in Figure 14.[2] 

 

 

 

Figure 14: Different types of copolymers. A and B symbolize two different monomers. 
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Block Copolymers vs. Statistical Copolymers 

Block copolymers are characterized by strictly separated monomer bocks (see Figure 14). If 

the monomers inherit very different properties (e.g., regarding hydrophilicity), this molecular 

architecture results in phase separation and microphase separation, leading to unique 

morphologies and properties. Block copolymers can exhibit self-assembly behavior, forming 

nanostructures such as micelles, vesicles, or cylindrical structures, making them attractive for 

applications in drug delivery, nanoreactors, and templating.[2,45–47] 

In contrast, statistical copolymers feature a random distribution of different monomers along 

the polymer chain. This random arrangement can lead to a combination of properties from the 

individual monomers, enabling the fine-tuning of physical and chemical characteristics. 

Random copolymers often exhibit improved solubility, processability, and compatibility 

compared to their homopolymer counterparts. [2,45,48] 

 

Polyesteramides 

Polyesteramides (PEAs) serve as an excellent example of copolymers accessible via AROP 

(see Figure 15). PEAs combine the properties of polyesters and PAs, resulting in materials 

with enhanced thermal stability, mechanical strength, and chemical resistance combined with 

the biocompatibility and biodegradability of polyesters. By carefully controlling the monomer 

feed ratio and sequence distribution, PEAs can be tailored for specific applications, such as 

engineering plastics, coatings, or biomedical devices.[46,48,49] 

 

Related to this, the functionalization of polyester amides is also very interesting, as it offers the 

possibility of linking pharmacologically active compounds and obtaining biodegradable 

elastomers. These might be able to avoid the deficits of typical cross-linked aliphatic 

polyesters, such as rapid degradation when implanted or the limited number of chemical units 

for chemical modification.[50] In view of these promising multiple property profiles, it is expected 

that the use of PEA as a high-performance or specialty material will play a major role in specific 

applications such as biomaterials in the (bio)medical field in the future.[46,48] 

 

 

 

Figure 15: An illustrated approach for the preparation of polyesteramides using the model compounds -

caprolactam and -caprolactone. 
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2.5.3. Side-Chain Functionalization 

In addition to copolymerization, the AROP of lactams offers opportunities for side-chain 

functionalization, further broadening the versatility of PAs. One notable example is the 

synthesis of allyl PAs, which feature pendant allyl groups along the polymer backbone. Allyl 

PAs possess reactive side chains that can undergo various post-polymerization modifications, 

such as thiol-ene click reactions, epoxidation, or hydrosilylation. These modifications enable 

the introduction of diverse functional groups, including fluorescent labels, bioactive moieties, 

or stimuli-responsive units. Consequently, allyl PAs find applications in areas such as 

biomedical materials, sensors, and stimuli-responsive systems.[45,51] 
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2.6. Polyamides and Their Copolymers in Biomedicine – A Promising Future 

 

2.6.1. Polyamides in Biomedicine  

PAs have garnered significant attention in the biomedical field due to their remarkable 

properties, including mechanical strength, chemical resistance, and biocompatibility. These 

exceptional characteristics have paved the way for numerous applications, making PAs 

invaluable materials in various biomedical domains. 

 

One of the major applications of PAs in biomedicine is their use as suture materials for wound 

closure and surgical procedures. Their high tensile strength, knot-tying ability, and resistance 

to degradation make them well-suited for this purpose. Also, nylon catheters –used, e.g., for 

drainage and drug delivery– are very popular due to their flexibility, chemical resistance, and 

durability, especially when in contact with body fluids. PAs composites also found applications 

in biomedicine. In the fabrication of dentures, for example, as reinforcing fibers in denture base 

resins. Additionally, PAs are employed in the production of other prosthetics, contributing to 

their strength and reliability. PA composites have also been explored for use in bone formation 

scaffolds. The addition of PA nanofillers can improve the mechanical attributes of composite 

materials and show potential for promoting cell growth, rendering them suitable for bone tissue 

engineering. Last but not least, recent studies have shown that PA materials, such as nylon, 

exhibit low microbial contamination and bacterial transmission compared to other polymers. 

This property makes PAs attractive for applications where infection prevention is crucial, such 

as in medical devices, implants, and wound dressings. 

 

In summary, nylons have proven to be valuable biomaterials in various biomedical 

applications, ranging from sutures and catheters to tissue engineering scaffolds and 

antimicrobial devices. Their biocompatibility, mechanical properties, and versatility in 

processing make them attractive candidates for continued research and development in the 

field of biomedicine. As our understanding of these materials deepens, we can expect to 

witness further advancements and innovative applications that contribute to improving 

healthcare and enhancing patient outcomes.[2,5,20,48,52] 
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2.6.2. Polyesteramides in Biomedicine 

PEAs combine, to some extent, the desirable properties of polyesters and PAs, making them 

attractive biomaterials for various biomedical applications. These versatile materials can be 

designed to be biodegradable, rendering them suitable for implantable devices that degrade 

over time and are eventually absorbed by the body. This property is particularly advantageous 

for applications such as resorbable sutures and drug delivery systems. It is crucial, however, 

to ensure that the degradation products are non-toxic and do not exhibit undesirable 

bioactivities.  

 

PEAs can be functionalized with antimicrobial agents, such as silver nanoparticles or 

antibiotics, to prevent bacterial infections associated with implants or medical devices. 

However, on their own, they already exhibit excellent biocompatibility, making them suitable 

for applications that involve direct contact with biological tissues.[48] While PEAs are relatively 

new biomaterials, ongoing research is exploring their potential in various biomedical fields, 

such as orthopedics, cardiovascular applications, and wound healing. The ability to fine-tune 

their properties and incorporate bioactive molecules makes PEAs promising candidates for the 

development of advanced biomedical devices and therapies.[5,20,46,48,49] 

 

 

2.6.3. Amphiphilic Materials And Their Potential In Controlled Drug Delivery 

To understand the design approaches of polymers toward potential drug delivery, the concept 

of polymeric micelles has to be explained: Polymeric micelles are self-assembled 

nanostructures formed by amphiphilic block copolymers in an aqueous environment. The 

formation of polymeric micelles is driven by the hydrophobic effect, where the hydrophobic 

polymer blocks associate to minimize their exposure to water, forming a core surrounded by a 

hydrophilic shell (see Figure 16).[47,53] The hydrophobic core of polymeric micelles can 

encapsulate poorly water-soluble drugs, improving their solubility and bioavailability. The 

hydrophilic shell provides colloidal stability and can be functionalized with targeting ligands or 

stealth moieties (e.g., polyethylene glycol) to prolong circulation time and enhance targeted 

delivery.[53,54] 
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For amphiphilic polymers to form stable micelles, the following criteria must be met: 

 Amphiphilicity: The polymer must possess both hydrophilic and hydrophobic segments. 

The hydrophobic block should have a sufficient length to drive micellization, while the 

hydrophilic block provides colloidal stability in aqueous media.[47,53] 

 Molecular weight and composition: The molecular weight and ratio of the hydrophilic to 

hydrophobic blocks influence the micelle size, shape, and stability. Generally, higher 

molecular weights and longer hydrophobic blocks favor micelle formation.[53,54] 

 Concentration: The polymer concentration must be above the CMC, which is the 

minimum concentration required for micelle formation.[47,53] 

 

 

 

 

Figure 16: Micelle formation, subsequent drug loading, and stimuli-induced drug release or micelle disassembly. 

 

 

Amphiphilic PA copolymers have emerged as a promising class of materials for drug delivery 

applications, owing to their remarkable ability to deliver therapeutic agents by improving their 

solubility and bioavailability, a critical challenge in the field of drug delivery.[2]. One approach 

to harness the potential of these copolymers involves the synthesis of amphiphilic block 

copolymers containing PA segments. For instance, block copolymers of nylon-3 with 

poly(ethylene glycol) (PEG) can self-assemble into micelles with a hydrophobic PA core and a 

hydrophilic PEG shell. Alternatively, researchers have explored the preparation of random or 

statistical copolymers of hydrophilic and hydrophobic lactam monomers. The resulting 

amphiphilic PAs can self-assemble into nanoparticles or polymersomes depending on their 

block’s architecture.[2,9,27–29,45,46,48]  

 

In summary, the unique amphiphilic nature of PA copolymers, combined with their structural 

diversity and biocompatibility, positions them as promising candidates for developing 

advanced drug delivery systems. Their ability to self-assemble into nanostructures, 

encapsulate therapeutic agents, and be tailored for specific applications through chemical 

modifications makes them a versatile platform for addressing the challenges of efficient and 

targeted drug delivery.  



 

31 
 

3. Objective 

 

Our generation is struggling with the consequences of climate change, exploitation of 

resources, and earth pollution. Additionally, polymers and monomers derived from crude oil 

are reaching their limits regarding their structural complexity and possible applications. 

However, the worldwide demand for specialized materials is growing. Biomedicine and other 

areas like aerospace and the automobile industry need high-performance polymers and/ or 

“bioactive” materials. Nature-based material engineering offers a promising avenue for 

addressing both our pressing needs and our environmental concerns. Bio-based, non-food-

based monomers hold the potential to unlock a realm of sustainable polymers while 

simultaneously introducing complex and hard-to-synthesize properties into the material. With 

this motivation in mind, the project plan of this thesis was relatively clear from the get-go of my 

research: 

 

The establishment of a comprehensive framework for the synthesis of sustainable 

monomers, the preparation of their respective PAs, and the strategic design of their 

properties through co-polymerization, functionalization, and blending techniques. A 

particular emphasis was placed on exploring potential biomedical applications. 

 

In order to achieve this goal, all projects have been designed with the following workflow, 

encompassing three distinct phases, in mind (see Figure 17): 

1. Establishment of a Renewable Monomer Pool 

2. Polymerization of the Sustainable Terpene-Based Monomers   

3. Property Analysis and Evaluation for Biomedical Applications 

 

 

Figure 17: Project aim and planned workflow, divided into three different phases. 
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3.1. Establishment of a Renewable Monomer Pool 

 

The first phase of this project was dedicated to identifying and synthesizing a new "sustainable" 

terpene-based monomer pool.  

Thinking about all suitable cyclic terpenes for lactam modification, the selection of suitable 

monomers is akin to searching for a needle in a haystack. However, when evaluating the 

terpenes in terms of their structural properties and their natural abundance, it quickly becomes 

clear which two terpenes are the focus of this research. If we remember Figure 4 we notice 

that bicyclic terpenes, such as pinenes, offer structural advantages as a means of introducing 

strength into the polymer. This also applies to terpenes with a functional group, such as 

limonene with an exo-cyclic double bond, which could enable functionalizability. 

 

Among the terpene family, pinenes are the most abundant ones and can be relatively easily 

isolated from non-edible plant parts, such as wood processing (turpentine oil). Of the pinene 

isomers, -pinene (5) is particularly attractive as a monomer due to its exo-cyclic double bond, 

which can be efficiently oxidized to the ketone (nopinone) and subsequently converted to the 

corresponding lactam 11. In contrast, -pinene (4) possesses an internal trisubstituted carbon-

carbon double bond, rendering it challenging to modify and polymerize due to steric hindrance. 

Another promising candidate is limonene (7), an abundant cyclic terpene extracted from citrus 

peels. The unique structure of 7, featuring both an intra-cyclic and an exo-cyclic double bond, 

makes it an ideal starting material for the lactam modification and subsequent polymerization 

while maintaining the exo-cyclic double bond. Their abundance and their special structures 

render 5 and 7 very (if not the most) promising starting materials for the preparation of 

sustainable PAs with special properties and are thus the focus of this work.[8,9,27–29,48] 

 

Starting from 5 and 7, their lactams are synthesized via oximation and Beckmann 

rearrangement. These terpenes-based lactams enable ROP to their PAs, in accordance to 

previous studies (see Figure 18).[9,27–29,48]  

 

 

 

 

Figure 18: General monomer synthesis starting from limonene and -pinene. 
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3.2. Polymerization of the Sustainable Terpene-Based Monomers – Their Analysis 

and Evaluation Regarding Biomedical Applications  

 

Building upon the foundation laid in the first phase, my research endeavor delved into the realm 

of polymerization. Upscaling the polymerization process aimed to facilitate the production of 

processable, sustainable PAs, enabling the assessment of industrial-scale feasibility and 

opening doors to material modification. 

 

The synthesis of copolymers, particularly PEAs, emerged as a focal point, as well as the 

functionalization of the PAs. Both approaches aim to achieve diverse properties tailored to 

specific applications. Moreover, the incorporation of polyethylene glycol (PEG) into the 

materials held the promise of imparting biocompatibility and anti-fouling properties, rendering 

them highly suitable for medical devices, drug delivery systems, and tissue engineering 

scaffolds. The disparity in polarity and solubility between PEG and PA segments could enable 

the self-assembly of copolymers into micelles in aqueous environments, unlocking new 

avenues for exploration. 

 

As the prepared materials were intended for biomedical applications, their thermal and 

mechanical properties were analyzed. Hot-pressing techniques were employed to process the 

resulting materials, enabling the evaluation of mechanical strength, which is a crucial indicator 

of performance and applicability in various applications. By assessing factors such as stiffness, 

mechanical strength, solvent resilience, thermal stability, and biomedical behavior, insights are 

gained into the potential uses of these sustainable polymers. 

 

3.3. Significance and Contribution 

 

This thesis represents a contribution to the growing field of sustainable materials science, 

introducing novel monomers and polymers derived from renewable resources. Furthermore, 

the exploration of biomedical applications holds the promise of yielding advancements in 

biomedicine, ultimately improving healthcare technologies and, thus, patient outcomes. 

 

Through a systematic and interdisciplinary approach, this thesis endeavors to bridge the gap 

between sustainable polymer synthesis, novel specialty materials, and biomedical 

applications, paving the way for innovative and environmentally conscious solutions in the field 

of materials science.   
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4. Projects 

 

4.1. Preparation and Analysis of Sustainable Homopolyamides Prepared from 

Terpene-Based Lactams 

 

4.1.1. (+)-Limonene-Lactam: Synthesis of a Sustainable Monomer for Ring-Opening 

Polymerization to Novel, Biobased Polyamides 

 

Bibliographic Data 

 

 

 

 

Title:  (+)-Limonene-Lactam: Synthesis of a Sustainable Monomer for Ring- 

 Opening Polymerization to Novel, Biobased Polyamides 

Status:  Full paper, published online April 2022, open access 

Journal:  Macromolecular Rapid Communications 

Publisher:  Wiley 

DOI:  10.1002/marc.202200185 

Authors:  Magdalena M. Kleybolte, Laura Zainer, Jin Y. Liu,  

 Paul N. Stockmann, Malte Winnacker 
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Content 

Bio-based materials are gaining significant interest as sustainable replacements for 

conventional petroleum-based materials. Terpenes, such as limonene, offer unique structural 

features for high-performance applications. In this project limonene lactam, a novel bio-based 

building block derived from limonene epoxide, was synthesized, and its subsequent ROP to 

sustainable PAs was established. In the beginning, the focus of this work lies on the 

investigation of a synthesis route to limonene lactam, the reaction route optimized/simplified 

for industrial applicability and sustainability. 

 

By evaluating the monomer synthesis route according to the principles of green chemistry, it 

was demonstrated that the reaction pathway meets most “green chemistry”-criteria defined by 

Tang et al.[55], including waste reduction, use of low-toxic substances, catalytic reagents, and 

simple reaction steps without high temperatures or pressures. Subsequently, the in-bulk ROP 

of limonene lactam to LiPAs was investigated. The successful synthesis of PAs with over 100 

monomer units was confirmed by nuclear magnetic resonance (NMR) spectroscopy and gel 

permeation chromatography (GPC). Thermal properties were analyzed using differential 

scanning calorimetry (DSC) and thermal gravimetric analysis (TGA), which revealed promising 

thermal characteristics and the potential for further functionalization via the intact double bond.  

 

This study demonstrates the potential of limonene as a bio-based monomer for ROP to 

sustainable PAs. The synthesis and polymerization of limonene lactam pose challenges due 

to its stereocenters and an isopropylene side group. Nevertheless, these structural elements 

also enable the preparation of novel polymers with distinctive properties, including 

functionalizability. 

 

 

 

Author Contribution: Magdalena M. Kleybolte, Paul N. Stockmann, and Malte Winnacker 

conceived the work and designed the project. Laura Zainer performed the initial experiments. 

Magdalena M. Kleybolte performed the characterizations. X-ray experiments and structure 

determination via X-ray and related manuscript/supplementary sections were conducted by Jin 

Y. Liu. Magdalena M. Kleybolte and Malte Winnacker wrote the manuscript and the 

supplementary information. 
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4.1.2. From Forest to Future: Synthesis of Sustainable High Molecular Weight 

Polyamides Using and Investigating the AROP of β-Pinene Lactam 

 

Bibliographic Data 

 

 

 

 

 

Title:  From Forest to Future: Synthesis of Sustainable High Molecular  

 Weight Polyamides Using and Investigating the AROP of β-Pinene  

 Lactam 

Status:  Full paper, published online October 2023, open access 

Journal:  Macromolecular Rapid Communications 

Publisher:  Wiley 

DOI:  10.1002/marc.202300524 

Authors:  Magdalena M. Kleybolte, Malte Winnacker 

 

 

Content 

Nature-derived monomers can introduce unique structures into PAs, imparting distinct polymer 

properties. β-pinene, an abundant terpene in nature with a presumed stability-giving bicyclic 

structure, is therefore highly promising. 

 

This work presents a simple approach for the AROP of β-pinene lactam, both in bulk and in 

solution, for the preparation of β-pinene PAs (PiPA). The study began with an investigation 

into the suitability of different initiators. NaH was found to be the most successful initiator for 

in-bulk polymerization, achieving a degree of polymerization (DP) of about 322. For solution-

AROP, iPrMgCl·LiCl was successfully used for the first time, achieving DPs up to about 163. 

Both in-bulk and solution AROP were controllable in terms of polydispersity index and 
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molecular weight. However, solution AROP also offers the advantage of combining purification 

and processing, which is applicable in, e.g., fiber spinning. 

 

All resulting PAs exhibited high molecular weights suitable for further processing. Indeed, it 

was possible to hot press the obtained PAs into uniform specimens, also enabling the analysis 

of their dynamic mechanical properties. As these bio-PAs offer good mechanical properties, 

high thermal stability (Tds up to 440 °C), and a transparent appearance, they are highly 

promising for high-performance or specialty applications. However, challenges such as poor 

solubility, hydrophobic properties, or high processing temperatures need to be addressed. 

 

In the end, this paper gives an overview of the potential application fields of this biomaterial 

and underlines the promising features of the high molecular weight PiPA. 

 

 

 

Author contributions: The conceptual contribution was made by M. M. Kleybolte and M. 

Winnacker. Initial test reactions were executed by M. M. Kleybolte. M. M. Kleybolte planned, 

performed, and analyzed the experiments/ synthetic steps in this work. M. M. Kleybolte wrote 

the manuscript. 
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4.2. Co-Polymers: β-Pinene-Derived Polyesteramides and Their Blends: Advances in 

Their Upscaling, Processing, and Characterization 

 

Bibliographic Data 

 

Title:  β-Pinene-Derived Polyesteramides and Their Blends: Advances in  

 Their Upscaling, Processing, and Characterization 

Status:  Full paper, published online May 2021, open access 

Journal:  Macromolecular Rapid Communications 

Publisher:  Wiley 

DOI:  10.1002/marc.202100065 

Authors:  Magdalena M. Kleybolte, Malte Winnacker 

 

Content 

Polyesteramides (PEAs) can combine the excellent thermal and mechanical properties of PAs 

with the biocompatibility and biodegradability of polyesters. Moreover, the nature of co-

polymers allows for the properties to be tuned depending on the percentage of PA or polyester 

incorporated into the PEA. This project focuses on the synthesis and characterization of 

terpene-based PEAs derived from β-pinene and ε-caprolactone.  

 

The initial focus of this research was on optimizing the synthesis of the monomer β-pinene 

lactam from β-pinene. The oxidation of β-pinene to nopinone, the first step in the synthesis of 

β-pinene lactam, was made more sustainable and efficient using H2SO4 as a catalyst. A variety 

of catalysts and co-reagents were evaluated for the Beckmann rearrangement, with the 

reaction using tosyl chloride emerging as the most promising. This approach offers several 

advantages, including easier purification and greater scalability, making it a promising 

candidate for potential industrial applications. 

 

After the successful monomer synthesis, the preparation of PEAs was investigated. A variety 

of initiators (here also called catalysts) were tested, with Sn(Oct)2 and Sn(Lau)2 proving to be 

the most promising for the ROCOP of β-pinene lactam and ε-caprolactone. The chain lengths 

of the β-pinene-based PEAs were remarkably increased from 6 kg mol-1 to more than 

25 kg mol-1 by fine-tuning the polymerization. The resulting PEAs exhibited melting 

temperatures around 55 °C and decomposition temperatures of 354 °C or higher, 

demonstrating their high thermal stability.  
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For potential biomedical applications, blends of PEA with polyethylene glycol (PEG) were 

successfully prepared, yielding a more hydrophilic material. The mechanical properties of the 

blends were also improved compared to the brittle PA alone, as the processing of the polymer 

blends into test specimens was possible. 

 

The study highlights the great potential of β-pinene-based polymers as high-performance 

polymers (HPPs). The findings contribute to the development of sustainable and efficient 

methods for producing terpene-based PEAs, paving the way for a more sustainable polymer 

industry. 

 

 

 

Author contributions: The conceptual contribution was made by M. M. Kleybolte and M. 

Winnacker. M. M. Kleybolte planned and performed the experiments/ synthetic steps in this 

work. M. M. Kleybolte collected, analyzed, and interpreted the results.  M. M. Kleybolte and M. 

Winnacker wrote the manuscript. M. M. Kleybolte wrote the supporting information. 
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4.3. Functionalization of Limonene Polyamide 

 

Bibliographic Data 

 

 

 

Title:  High Precision Tuning of Limonene Polyamide via Side-Chain  

 Functionalization for Specialized Applications 

Status:  Full paper, submitted 2024 

Document type Draft 

Authors:  Magdalena M. Kleybolte, Christopher P. Vogt, Malte Winnacker 

 

 

Content 

Today, materials must meet increasingly specialized needs. The biomedical field, in particular, 

requires novel and innovative materials to meet specific criteria for special applications. In this 

work, the synthesis and functionalization of limonene polyamide (LiPA) is investigated as a 

promising alternative to conventional nylon for biomedical applications. 

 

This project started with the optimization of the AROP of LiPA, achieving high molecular 

weights up to 54 kg mol-1 and making upscaling to 3 g possible. However, upscaling resulted 

in high polydispersity indices (2.7–4.6) due to mixing and heat transfer limitations during in-

bulk polymerizations. Subsequently, LiPA was successfully modified with various functional 

groups (alkyl, ester, sulfonate) via thiol-ene click reaction, achieving up to 53 % modification. 

The modifications allowed for the tuning of polymer properties, including glass transition 

temperature (44–133 °C), solubility, and hydrophilicity. The alkyl modifications increased 

hydrophobicity and solubility in non-polar solvents, while ester and sulfonate groups improved 
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solubility in polar solvents, including methanol and even water in the case of the latter 

modification. All modified LiPAs exhibited hydrophilic surfaces (θ < 90°), with alkyl groups 

increasing hydrophobicity. The sulfonate-modified LiPA showed amphiphilic behavior, forming 

micelles in aqueous solution, demonstrating potential for drug delivery applications. 

 

In summary, this word demonstrated a successful tunability of LiPA's properties through 

strategic side-chain modifications, paving the way for diverse biomedical applications. 

Although the findings are highly promising, further investigations are necessary, including the 

exploration of additional processing methods, the analysis of biocompatibility via cell tests, and 

the evaluation of specific biomedical applications. However, the high tolerance of the thiol-ene 

reaction towards various functional groups enables the future incorporation of bioactive 

moieties, such as cell-binding motifs for tissue engineering, which will facilitate the overcoming 

of the aforementioned challenges. 

 

 

 

Author contributions: The conceptual contribution was made by C. P. Vogt, M. M. Kleybolte, 

and M. Winnacker. C. P. Vogt and M. M. Kleybolte planned and performed the experiments/ 

synthetic steps in this work. C. P. Vogt and M. M. Kleybolte collected, analyzed, and interpreted 

the results. M. M. Kleybolte wrote the manuscript and the supporting information. 
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5. Summary and Outlook 

 

This thesis presents a comprehensive framework for the synthesis of sustainable monomers, 

the preparation of their respective polyamides (PAs) via ring-opening polymerization (ROP), 

and the strategic design of their properties through copolymerization, functionalization, and 

blending techniques, with a particular emphasis on exploring potential biomedical 

applications.[56–59] 

 

 

 

 
Figure 19: Illustration of the thesis goals and achievements. 

 

 

 

 

5.1. Monomer Synthesis 

 

The terpenes limonene and β-pinene were selected as sustainable monomer feedstocks due 

to their high abundance in nature. They can be readily isolated from non-edible plant parts 

such as wood processing (turpentine oil) and citrus peels. The unique structural characteristics 

of these terpenes render them optimal starting materials for the synthesis of materials with 

promising properties and functionalities that are otherwise difficult to synthesize. The 

combination of intra-cyclic and exo-cyclic double bonds in limonene enables lactam synthesis 

while maintaining and introducing possible functionalizability into the resulting PA. Additionally, 

the bicyclic structure of β-pinene is presumed to impart stability to the resulting polymers, 

making it highly promising for high-performance applications.[8,9,27–29,48,56–58] 
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The synthesis of β-pinene lactam was optimized by using H2SO4 as a catalyst for the oxidation 

of β-pinene to nopinone and evaluating various catalysts and co-reagents for the Beckmann 

rearrangement, with tosyl chloride and NaOH emerging as the most promising system. The 

feasibility of purification and the scalability of the reaction render this synthesis route promising 

for industrial application.[58]  

 

For limonene lactam a synthesis route was established that is both efficient and simple, 

ensuring industrial applicability and sustainability. The lactam synthesis meets the majority of 

the "green chemistry" principles outlined by Tang et al.[55], including waste reduction and the 

use of low-toxic substances.[55,57] However, despite these promising findings, it became 

apparent that limonene lactam is greatly hindered by its sterically demanding structure. This 

phenomenon not only impeded the synthesis of the monomer, resulting in lower conversion 

and selectivity compared to β-pinene lactam but had a similar influence regarding the 

polymerization process.[57] 

 

 

5.2. Polymerization and Preparation of Homo-Polyamides 

 

Although cationic and hydrolytic ROP are the oldest approaches for preparing PAs, they are 

difficult to control and are, therefore, less commonly used for polymerizing lactams. Anionic 

ROP (AROP), on the other hand, is known to efficiently polymerize lactams due to its controlled 

nature and ability to produce high molecular weight polymers with narrow polydispersity 

indices.[1,2,16,17,33] 

 

For limonene polyamide (LiPA), AROP was established and subsequently optimized, 

achieving high molecular weights up to 54 kg mol-1 and enabling upscaling to 3 g. However, 

the upscaling process led to high polydispersity indices due to limitations in mixing and heat 

transfer during in-bulk polymerizations.[57,59] In our initial investigation, we discovered that the 

polymerization of limonene lactam is primarily constrained by its sterically hindered structure 

and side reactions, including transamidation and cyclic polymer formation.[57] By examining the 

AROP with diverse activator systems, we observed a significant enhancement in chain length 

and conversion when diimide-type activators were utilized. The successful upscale, leading to 

larger quantities of LiPA, not only allowed for a more thorough analysis of the material but also 

enabled its further functionalization, tackling challenges like poor solubility and poor 

processability.[56,57]  
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In the case of β-pinene polyamide (PiPA), both in-bulk and solution AROP were investigated. 

NaH was found to be the most successful initiator for in-bulk polymerization, achieving a 

degree of polymerization (DP) of up to 322, while iPrMgCl·LiCl was successfully used for the 

first time in solution AROP, achieving DPs up to 163. In this study, the kinetics of in-solution 

AROP were investigated by high-temperature NMR, which led to the conclusion that 

iPrMgCl·LiCl is a better initiator than iPrMgCl, in addition to findings regarding the, for this 

system, "optimal" reaction time and concentration. The resulting PiPAs exhibited high 

molecular weights suitable for further processing, good mechanical properties, high thermal 

stability (up to 440 °C), and a transparent appearance, making them highly promising for high-

performance or specialty applications. However, challenges such as poor solubility, high 

processing temperatures, and thus, poor processing remain to be addressed.[56] 

 

 

5.3. Preparation of Polyesteramide – Combining The Best of Two Worlds 

 

Polyesteramides (PEA) can combine the excellent thermal and mechanical properties of PAs 

with the biocompatibility and biodegradability of polyesters, rendering them promising for 

biomedical applications. Here, we synthesized PEAs from β-pinene lactam and ε-

caprolactone. Sn(Oct)2 and Sn(Lau)2 proved to be the most promising initiating systems for 

ring-opening copolymerization (ROCOP). The chain lengths of the β-pinene-based PEAs 

significantly increased from 6 kg mol-1 to more than 25 kg mol-1 by fine-tuning the ROCOP. 

The resulting PEAs exhibited melting temperatures of around 55 °C and decomposition 

temperatures of 354 °C or higher, demonstrating their high thermal stability.  

 

Blends of PEA with polyethylene glycol (PEG) were successfully prepared to improve 

hydrophilicity and mechanical properties for potential biomedical applications, yielding indeed 

a more hydrophilic and processable material. While these findings illuminate the preparation 

of sustainable and novel copolymers with promising properties, it is important to note that 

Sn(Oct)2 and Sn(Lau)2 are generally not suitable for biomedical applications due to their 

toxicity.[58] 
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5.4. Functionalization of Limonene Polyamide – Entering New Fields of Application? 

 

Although LiPA already exhibited promising properties, the material was mainly limited by its 

brittleness, poor solubility, and processability. Through strategic modification of LiPA's side 

chains, the polymer’s solubility, processability, hydrophilicity, and biocompatibility were tuned, 

thereby broadening its scope for biomedical utility.[56] 

 

We were able to successfully modify LiPA with various functional groups (alkyl, ester, 

sulfonate) via thiol-ene click reaction, achieving up to 53% modification. The modifications 

allowed for the tuning of polymer properties, including glass transition temperature (44–

133 °C), solubility, and hydrophilicity. The alkyl modifications increased hydrophobicity and 

solubility in non-polar solvents, while ester and sulfonate groups improved solubility in polar 

solvents, including methanol and even water in the case of the latter modification. The 

sulfonate-modified LiPA showed amphiphilic behavior, forming micelles in aqueous solution, 

demonstrating potential for drug delivery applications.[56] 

 

Future work should follow up on these highly promising findings, including the exploration of 

additional processing methods, the analysis of biocompatibility via cell tests, and the evaluation 

of specific biomedical applications. Nevertheless, the high tolerance of the thiol-ene reaction 

towards various functional groups enables the future incorporation of bioactive moieties, such 

as cell-binding motifs for tissue engineering.[56] 

 

 

5.5. Outlook: A Glance Into the Future 

 

In summary, the projects presented in this thesis established controlled polymerizations for 

limonene and β-pinene lactams, yielding high molecular weight PAs and overcoming 

challenges like steric hindrance and side reactions. The optimized AROPs enabled upscaling 

to gram quantities, facilitating thorough material characterization and paving the way for 

possible industrial applicability. Combining the strengths of PAs and polyesters, novel PEAs 

were prepared from β-pinene lactam and ε-caprolactone via ROCOP, achieving high thermal 

stability and tunable properties – a step closer to sustainable, high-performance biomaterials. 

Through thiol-ene click chemistry, LiPA was successfully modified with various functional 

groups, tuning its solubility, hydrophilicity, and even enabling amphiphilic behavior for potential 

drug delivery applications.  
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There are key challenges hindering the widespread application of these promising materials 

that should be addressed in future work. The polymer functionalization employed in these 

projects could be one approach, as poor solubility and processability have been major 

roadblocks to these sustainable materials. Building on the successfully established and 

versatile thiol-ene click functionalization of LiPA, one could think about incorporating other 

functional groups to impart desired functionalities. Bio-active moieties, like cell-binding motifs, 

antimicrobial agents, or drug molecules, can be, for example, grafted onto the peptide-like PA 

backbone, enabling applications like tissue engineering, wound healing, and drug delivery. 

 

Advanced processing techniques could be another solution approach, circumventing the 

challenge of poor processability caused by, e.g., poor solubility or side-reaction at higher 

temperatures. Cutting-edge processing techniques like reactive extrusion, electrospinning, 

and 3D printing are just some examples that could expand the range of potential applications 

for these renewable materials beyond traditional melt processing. 
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