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Abstract�
Using          light to start chemical reactions has become a powerful tool in modern chemistry, and 

its application to polymer and materials science has led to the well-known field of 

photopolymerization. This technology has been used extensively in radical-initiated curing for 

the past few decades, especially in adhesives, coatings, and more recently, in 3D printing. 

However, in recent years, the focus has increasingly shifted from radical to ionic 

photopolymerization. These ionic approaches, which rely on either cationic or anionic 

mechanism, have a number of significant benefits, such as enhanced control over polymer 

architecture and access to classes of polymers that were previously unavailable in 3D printing. 

Such features of ionic photopolymerization excite the use of this technology for emerging 

high-precision applications, including additive manufacturing.�

At the heart of any photochemical reaction is the photoinitiation system. In this regard, 

photobase generators (PBGs) have become increasingly popular as promising alternatives to 

both radical and photoacid initiators. Compared to radical initiators, PBGs offer the significant 

advantage of being more controlled, while in contrast to photoacid generators, they avoid 

problems such as metal corrosion. These features broaden their applicability to highly sensitive 

areas, like electronics and automotive technologies, and at the same time make PBGs effective 

tools for facilitating the ring-opening polymerization of cyclic compounds, which happens to 

be the central focus of this work. �

Therefore, the experimental work of this thesis focused on PBG-mediated ring-opening 

polymerization reaction of cyclic esters and amides. In the first part, the polymerization 

behavior of ε-caprolactone, ε-caprolactam, and 2-azetidinone was evaluated using different 

photobase generators. Hereby, particular attention was given to the temperature-dependent 

reactivity to evaluate its potential for applications in 3D printing at elevated temperatures. �

The study also included the synthesis of N-substituted and N-unsubstituted 2-azetidinone 

derivatives, which were subsequently exposed to photoinduced ROP experiments under 

different conditions. Finally, the optimization of monomer conversion and polymerization 

kinetics was carried out by changing the reaction temperature, PBG concentration, and the 

amount of co-initiator.� �



�
�

Kurzfassung�

Die Verwendung von Licht zur Auslösung chemischer Reaktionen hat sich zu einer 

leistungsstarken Strategie in der modernen Chemie entwickelt, und ihre Integration in die 

Polymer- und Materialwissenschaften hat das etablierte Forschungsfeld der 

Photopolymerisation begründet. Seit Jahrzehnten wird diese Technologie erfolgreich in 

radikal-initiierten Härtungsprozessen eingesetzt, insbesondere bei Beschichtungen, 

Klebstoffen und neuerdings auch im 3D-Druck. In den letzten Jahren hat sich die 

Aufmerksamkeit jedoch zunehmend auf die ionische Photopolymerisation verlagert. Diese 

ionischen Ansätze, die entweder auf kationischen oder anionischen Mechanismen beruhen, 

bieten mehrere Vorteile, darunter verbesserte Kontrolle über die Polymerarchitektur sowie 

Zugang zu zuvor unzugänglichen Polymerklassen im 3D-Druck. Solche Eigenschaften machen 

die ionische Photopolymerisation besonders attraktiv für neuartige, hochpräzise 

Anwendungen, einschließlich der additiven Fertigung.�

Im Mittelpunkt jedes photochemischen Prozesses steht das photoinitiierende System. In 

diesem Zusammenhang haben Photobasengeneratoren (PBGs) zunehmende Aufmerksamkeit 

als vielversprechende Alternativen zu Photoradikalgeneratoren (PRG) und 

Photosäurengeneratoren (PAG) gewonnen. Im Vergleich zu PRGs bieten PBGs den Vorteil einer 

besseren Kontrolle, während sie im Gegensatz zu PAGs Probleme wie Metallkorrosion 

vermeiden. Diese Eigenschaften erweitern ihre Anwendbarkeit in sensiblen Bereichen, 

beispielsweise in der Elektronik- und Automobiltechnik, und machen PBGs zugleich zu 

effektiven Initiatoren für die Ringöffnungspolymerisation zyklischer Verbindungen.�

Daher fokussierte sich diese Arbeit auf die PBG-vermittelte Ringöffnungspolymerisation von 

zyklischen Estern und Amiden. Im ersten Teil der Arbeit wurde das Polymerisationsverhalten 

von ε-Caprolacton, ε-Caprolactam und 2-Azetidinon untersucht, indem verschiedene PBGs 

verwendet wurden. Besonderes Augenmerk lag hierbei auf der temperaturabhängigen 

Reaktivität, um das Potenzial für Anwendungen im 3D-Druck bei erhöhten Temperaturen zu 

bewerten. Die Studie umfasste außerdem die Synthese von N-substituierten und 

N-unsubstituierten 2-Azetidinon-Derivaten, die anschließend photoinduzierten 

ROP-Experimenten unterzogen wurden. Abschließend wurde die Optimierung des 

Monomerumsatzes und der Polymerisationskinetik durch Anpassung der 

Reaktionstemperatur, der PBG-Konzentration und der Menge des Co-Initiators durchgeführt.�
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Introduction�

Additive Manufacturing�

Additive Manufacturing Technologies (AMTs), which were initially known as Rapid Prototyping 

(RP) and are currently generally referred to as 3D printing, were first introduced in the early 

1980s and have continuously evolved since then and significantly influenced conventional 

manufacturing methods.1 Unlike conventional subtractive or formative manufacturing 

techniques, additive manufacturing is based on a fundamentally different idea of building 

objects by adding material layer by layer. In addition to reducing material waste, this method 

also makes the production of extremely complex and customized geometries quite 

affordable.2–4�

The manufacturing process starts with the creation of a digital representation of the object 

either by computer aided design (CAD) software or sometimes by 3D scanning of a real object 

(Figure 1, a). After that, the design is stored as a standard transformation language (STL) file 

and is virtually divided into two-dimensional layers by slicing software (Figure 1, b). These 

layers serve as instructions for the 3D printer, which constructs the object through a 

computer-guided, layer-by-layer process, with temporary support structures incorporated to 

stabilize any overhanging parts (Figure 1, c). Once the 3D printing is done, the post-processing 

techniques are usually employed to get the desired final properties of the part.5,6�

�
Figure�1:�Principle�of�additive�manufacturing�technologies6�

Conventional manufacturing methods can be divided into two main categories: formative and 

subtractive. Formative techniques, such as injection moulding, forging, and casting, use 

mechanical forces to shape materials without changing their overall volume.7 For instance, 

injection molding is the process which uses pre-formed mold cavities to shape molten 
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thermoplastic into the desired product form.8,9 These are typically large-scale productions 

methods, as the cost per unit decreases with higher production volume, unlike additive 

manufacturing, where costs remain relatively constant regardless of quantity.10 On the 

contrary, subtractive manufacturing refers to the removal of material from solid blocks to 

achieve the desired geometric shape. This is usually achieved by mechanical operations such 

as milling, drilling, and turning, which are in most cases performed with computer numerical 

control (CNC) machines. Although this method provides high precision, it results in a large 

amount of waste material and generally requires more energy and time, especially if the 

geometries are complex. Despite the fact that both formative and subtractive are widely used, 

they still have significant drawbacks. The main disadvantage is the reliance on specialized 

tooling like molds or dies that lead to a higher initial production cost. In addition, technical and 

physical limitations of the mold design or tool access may cause situations where it is very 

difficult or even impossible to manufacture complex or highly customised geometries.2–4�

 �
Figure�2:�Types�of�manufacturing�techniques11�

Most of these limitations are overcome by Additive Manufacturing Technologies (AMTs), which 

use a radically different production strategy. AMTs work on the principle of creating 

three-dimensional structures from digital 3D models layer by layer instead of removing 

material from a solid block or using molds. Therefore, the direct manufacture of parts with 

complex geometric features, for instance, internal cavities and undercuts, is feasible without 

the use of special tools or molds. Moreover, since only the required quantity of material is 

used during the manufacturing process, AMTs thus reduce material waste. For this reason, 

additive manufacturing is not only more economical for small production runs, such as 

single-piece, customized prototypes, but also more environmentally friendly. The other benefit 
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is design flexibility because changes to a part can be done directly in the virtual model without 

the need to change physical tools or equipment.6�

Since their initial development, AMTs have made significant progress and evolved from 

experimental research tools into the methods of industrial manufacturing that are extensively 

applied now. Today, they are utilized across a broad spectrum of industries, including 

aerospace,12–15 automotive,15–17 consumer goods,18 and even medical sector.19–21  Their ability 

to fabricate both extremely large structures, such as building components, and microscale 

features used in electronics and photonics, demonstrates the versatility of these 

technologies.2�

As the use of AMTs has expanded, so has the variety of methods available. These methods can 

be classified based on different parameters, such as the material state (solid, liquid, or gas), 

the type of manufacturing process (such as curing, dispensing, sintering, or binding), or the 

purpose of the printed prototype (visual, functional, material, or production prototype).22�

Additive manufacturing methods that use liquid materials, such as photopolymers that are 

hardened by light, are called liquid-based AM. These technologies are highly precise and can 

produce very fine details, often surpassing other AM methods in terms of resolution.6 Among 

liquid-based additive manufacturing methods, one of the earliest and most extensively utilized 

techniques is Stereolithography (SLA). It operates by exposing photopolymers to ultraviolet 

(UV) light, which starts a photopolymerization reaction that eventually leads to the hardening 

of the material and the formation of a polymer network.23,24 SLA is one of the first developed 

AM technologies and the term was first introduced by Chuck Hull in a patent from 1984.25 Over 

time, stereolithography has been divided into two principal versions based on the light source: 

Laser Stereolithography (L-SL) and Digital Light Processing          (DLP). Both methods use a vat filled 

with photocurable resin and are therefore classified as vat photopolymerization techniques. 

L-SL forms each layer by scanning the resin surface with a focused laser beam along the x-y 

plane, selectively curing areas layer-by-layer to build the part. DLP-SL, however, uses a 

mirror-based system to direct light from an LED source to the resin, projecting the entire layer 

pattern at once. While this greatly reduces printing time, it may result in slightly lower 

resolution due to limitations in projector pixel density. After each layer is cured, the platform 

is moved along the z-axis in both methods, thus new resin can fill the gap for the next layer. 

The process generally operates in a top-down setup, where the light source is located 
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underneath the vat, and the printed part is gradually lifted up. However, some systems, 

especially those based on DLP, can also work in a bottom-up approach, where the object is 

formed as it moves downward into the resin. While this method reduces resin consumption, 

it can make the separation of the cured layer from the transparent base of the vat more 

difficult.6,22,26�

�
Figure�3:��Different�SLA-setups:�a)�Laserstereolithography�in�a�bottom-up�approach.�b)�Digital�light�processing�

stereolithography�in�a�top-down�approach26�

A significant innovation in vat photopolymerization is Hot Lithography, first introduced by 

Cubicure in 2017. This method essentially broadens the features of conventional SLA and DLP 

technologies by using elevated temperatures up to 140 °C, during the layer-by-layer printing 

process. In most cases, a bottom-up setup is employed with a transparent resin vat, and either 

a laser-based (L-SL) or digital light processing (DLP) system is used for photopolymerization.27 

The application of heat, often provided by infrared sources, improves monomer mobility and 

substantially increases reaction kinetics, thereby allowing the processing of resins that have a 

high-viscosity or are of low-reactivity and cannot be easily processed at room          temperature. 

Consequently, Hot Lithography extends the variety of materials that can be printed, allowing 

for the processing of challenging formulations such as epoxy resins,28 phenolic compounds,29 

cyanate esters,30 and cyclic carbonates.31 In addition to extending material compatibility, this 

process imparts better mechanical and thermal performance to the printed parts. Research 

has shown that components created by Hot Lithography can exhibit a higher degree of 

monomer conversion, greater tensile strength, and better storage modulus than the ones 

produced at ambient conditions. Such enhancements make Hot Lithography a promising 

technology for the fabrication of tougher and more durable components, while also increasing 

the application potential of additive manufacturing in industries utilizing high-performance 

polymers.32�
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Photopolymerization�

Over the past years, researchers have been paying more and more attention to 

photopolymerization, the process of using light to start polymerization reactions. This 

light-induced method allows for rapid and precise synthesis of polymeric materials, thus 

ranking it as one of the most promising techniques in modern chemistry. Since its introduction 

in the 1960s, photopolymerization has been recognized as a key technology in many industries, 

particularly in additive manufacturing and 3D printing, due to its ability to produce extremely 

complex structures. Its efficiency and versatility have also influenced the development of 

advanced manufacturing processes, such as coatings and other high-precision 

applications.33,34�

Contrary to thermal operating technologies that require high temperatures to form initiating 

species, light-induced polymerization is a process that can be started by irradiation, thus 

allowing the reaction to be started and stopped on demand. Besides that, replacing 

conventional mercury lamps with LEDs as UV irradiation source leads to a further decrease in 

energy consumption during the curing process.35,36 Furthermore, photopolymerization 

reactions are usually performed in bulk, so the use of solvents is greatly minimized or 

completely eliminated, and the volatilization of organic compounds is also avoided.  From a 

practical perspective, the light-induced nature of photopolymerization provides both precise 

spatial control by directing a focused light beam to specific areas, and temporal control by 

switching the light on, i.e. it allows the high control over time and space of polymerization 

even at large scales. Such a feature is particularly important, as it enables the production of 

materials with highly detailed structures.33,37 In addition, photopolymerization provides the 

rapid curing capability, thus a shorter production time and lower costs. Due to these unique 

features, photopolymerization has been recognized as a technology of growing interest, 

especially in fields like coatings, 3D printing, photolithography, etc.37�

Photopolymerization is a general term for a process that transforms liquid organic precursors 

or monomers into solid polymers by a chemical reaction induced by light absorption. A 

photocuring process requires only three elements: a monomer, a photoinitiator (PI), which is 

selected depending on the monomer's functional groups and the polymerization class they 

belong to, and a suitable light source. The photoactive species, also known as the 

photoinitiator, absorbs light during the photopolymerization reaction and changes into an 
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excited state, generating a highly reactive species. This step is called the initiation of the 

polymerization process, which is then followed by gradual addition of monomers and 

oligomers to form a growing polymer chain (Figure 4).37,38�

 �
Figure�4:�Graphical�representation�of�a�photopolymerization�reaction�

As already mentioned, the photoinitiator (PI) is an essential element in a photosensitive 

formulation. The ability of a photoinitiator to absorb light is related to specific structural motifs 

in its molecular structure, namely chromophores. Chromophores allow the photoinitiator to 

capture light at a particular wavelength, initiating the conversion of the light energy into the 

chemical energy.39 �

Depending on the structure of the photoinitiator, the resulting species may be radicals, ions 

(cations or anions), acids, or bases, which are then capable of initiating free radical, cationic, 

or anionic polymerization. Ionic polymerization reactions, in particular, have the big advantage 

of insensitivity towards oxygen compared to free radical polymerizations, and typically lead to 

lower shrinkage of materials after curing.40�

� �
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Ionic Photopolymerization �

Ionic photopolymerization begins with the generation of cationic or anionic species depending 

on the chemical properties of the monomer, as opposed to free radical polymerization (FRP), 

where the initiator generates reactive radical species. In general,          monomers having electron 

donating groups in their structure tend to undergo cationic initiation, whereas those with 

electron withdrawing groups are more prone to anionic initiation. Nevertheless, there are also 

certain monomers like cyclic esters, which can polymerize through both cationic and anionic 

mechanisms.41,42�

�
Scheme�1:�General�mechanism�of�anionic�and�cationic�polymerization42�

In addition to allowing the polymerization of a broader spectrum of monomers, ionic 

photopolymerization provides several distinct advantages over free radical polymerization 

(FRP). These advantages include insensitivity towards oxygen, which otherwise acts as an 

inhibitor in FRP and therefore, an inert atmosphere is not necessary during the ionic curing 

process. Moreover, various cyclic monomers are able to be polymerized through either 

cationic or anionic ring-opening routes, which results in the materials having reduced 

shrinkage after being cured. In addition, ionic polymerization technique is known to have 

"living" nature, meaning that the chain-ends remain active and continue to grow when more 

monomer is supplied. In contrary to free radical polymerization, there is almost no termination 

reaction during polymerization caused by the recombination of two polymer chains, which 

ensures high efficiency and conversion.42–44 �
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Since the initiation reaction begins with the absorption of light by the PI, it is necessary to 

choose an initiating system that aligns with the available light source. Hence, photoacid 

generators (PAGs) and photobase generators (PBGs) can be used as highly effective initiators 

for cationic or anionic polymerization processes.34�

Cationic photoinitiation begins with the release of a super acid from a photoacid generator. 

Upon light absorption, PAGs transition into an excited singlet state. As this state is very instable, 

they follow either homolytic or heterolytic decomposition process resulting in the generation 

of reactive intermediate species. Regardless of the decomposition pathway, the produced 

intermediates subsequently abstract protons from a hydrogen donor in the surrounding 

reaction mixture to generate super acids, which initiate the cationic polymerization 

reactions.45–47�

This super acid is a strong Brønsted or Lewis acid, and the most commonly used PAGs are salts 

composed of diaryliodonium or triarylsulfonium cations paired with non-nucleophilic 

anions.48,49 The ions in a PAG salt have clearly separated roles and influence the cationic 

photopolymerization process differently. The cation carries the chromophoric group, 

undergoes photodecomposition process and determines all photochemistry related 

properties such as absorption maximum or thermal stability. On the other hand, the anion 

influences the strength of the generated super acid and determines all polymer chemistry 

related properties, including initiation efficiency. Among these, perfluorometallates are highly 

interesting, for example SbF6-, AsF6-, PF6-, and BF4-.50�

�
Figure�5:�Examples�of�onium�salts�with�different�cations��

As already mentioned, cationic photopolymerization expands the range of accessible 

monomers, as many compounds can be readily activated by a cationic initiating species, 

including epoxides, lactones and cyclic ethers such as oxetanes. The ring-opening 
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polymerization of epoxides and ε-caprolactone, in particular, has become feasible with the use 

of PAGs, thus opening numerous avenues for printing new materials with specialized 

properties.34,51�

�
Figure�6:�Structures�of�some�common�monomers�suitable�for�the�cationic�photopolymerization,�e.g.�

bisphenol-A-diglycidylether�(BADGE),�3,3'-[oxybis(methylene)]bis[(3-ethyl)oxetane]�(DOX),�e-caprolactone�

As a counterpart to photoacid generators, photobase generators (PBGs) can be utilized to 

initiate anionic polymerization under light exposure. Nevertheless, the PBGs development has 

advanced significantly slower compared the well-established PAGs, resulting in limitations of 

their industrial applications. This is primarily due to challenges related to the strength of the 

liberated base and the efficiency of its release. Hence, industrial use of anionic 

photopolymerization remains restricted, preventing the extensive use of many potentially 

valuable monomers in large-scale processes.34,51 �

� �
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Photobase Generators �

Photobase generators are photoactive compounds capable of generating a base when 

irradiated with light. The released base can be employed as an initiating species for 

photo-induced anionic polymerizations, as well as thiol-Michael, thiol-isocyanate, epoxy 

polymerization, and thiol–thiol reactions.52,53�

�
Figure�7:�Irradiation�of�a�photobase�generator�and�generation�of�a�free�base�that�further�initiates�photopolymerization�

Although still less explored and developed than photoradical generators (PRGs) or photoacid 

generators (PAGs), PBGs offer several notable advantages, including their insensitivity to 

oxygen. In other words, they can be used in air, which is a very important feature when 

compared to free radical polymerization. Moreover, PBGs do not undergo corrosive 

interactions with metallic substrates, making them especially well-suited for applications in 

industries that depend on metals, such as automotive and electronics.45,53�

The concept of organic photobase generators was first introduced in 1990 by Cameron and 

Fréchet.54 For their work, they used a photosensitive carbamate capable of releasing basic 

amines when exposed to light. Carbamates, which are primary or secondary amines protected 

with a photolabile group, undergo photodecarboxylation when irradiated, thus resulting in the 

release of free amines. However, the released primary and secondary amines are usually weak 

bases and therefore not highly effective in initiating anionic polymerizations. Therefore, 

increasing efforts have been dedicated to developing PBGs capable of cleaving stronger bases, 

including tertiary amines, phosphazenes or even carbenes.45�

�
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�
Scheme�2: Photosensitive�carbamate�compound�and�generation�of�a�primary�amine�via�UV�light,�reported�by�Cameron�and�

Fréchet54�

Besides carbamates, quaternary ammonium salts (QAs) are an important class of compounds 

that can be used for base generation. First reported by Sarker et al. in 1998 and further 

developed in the early 2000s, these compounds enabled the release of tertiary amines for the 

first time, thereby significantly expanding the applicability of photobase generators to a 

broader range of bases.55 Upon irradiation, a quaternary amine bonded to a chromophore 

undergoes C-N bond cleavage to release the corresponding amine, which is able to enact as 

initiator. However, a number of QA-based compounds have exhibited low thermal stability and 

stability in organic solvents, as well as poor solubility.45�

�
Scheme�3: Generation�of�a�tertiary�amine�upon�irradiation�from�a�quaternary�ammonium�salt,�reported�by�Sarker�et�al.55��

Significant progress in the development of photobase generators (PBGs) was made by the 

introduction of a novel activation mechanism based on photoinduced deprotonation. In 2008, 

Sun et al. introduced salts comprising a protonated, inactive base that gets activated only 

through photoinduced deprotonation.56 In particular, borates that undergo structural 

rearrangement upon irradiation have been found to be very efficient anions, due to their 

tolerance toward strong bases, such as phosphazenes and carbenes.45,56�

�
Scheme�4: Photodecomposition�mechanism�of�a�borate-based�PBG45��

�
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This approach was further advanced by Arimitsu et al.,57 who introduced carboxylate 

containing chromophores that release the base through deprotonation as well, but in this case 

through photodecarboxylation rather than structural rearrangement. This innovation was a 

tremendous step forward, as the chromophore structure could be altered to optimize 

photochemical properties, thereby increasing quantum yield and extending absorption to 

longer wavelengths. One of the best-known and most widely used carboxylate-based PBGs are 

the salts of ketoprofen, which undergo photodecarboxylation reactions with a high quantum 

yield upon irradiation.45,57�

�
Scheme�5: Mechanism�of�a�base�generation�via�photodecarboxylation�of�a�carboxylate-based�PBG45�

Together, these developments have broadened the scope of possible PBGs, as well as their 

overall applicability in polymerization techniques in recent years, and several PBGs have even 

become commercially available.45,58�

�
Figure�8: Examples�of�commercially�available�PBGs�

� �
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Ring-Opening Polymerization of Cyclic Amides (Lactams)�

In general, lactams are considered one of the largest classes of monomers that are used in the 

group of polymerizable heterocyclic compounds. They are especially valuable for creating 

polyamides and copolyamides with a variety of adjustable properties because of their capacity 

to go through ring-opening polymerization (ROP). The chemistry of polyamides has gone 

through a significant change in the last ten years as a result of the major improvements in ROP 

techniques and a wide range of available monomers, which have allowed for precision in the 

control of polymer structure and their functionalities. Today, ROP of lactams is still the main 

method for synthesizing polyamides and copolyamides.59,60�

The nitrogen or carbon substituents on lactam can be used to provide the structural variations 

of these compounds far beyond their basic industrial application for the synthesis of aliphatic 

polyamides, such as PA6 derived from ε-caprolactam. This allows for the creation of many 

analogues with specific properties and opens up new avenues for specialized applications.59 

These include different bicyclic and bridged ring systems, dilactams, and heteroatom-modified 

lactams. Interestingly, β-lactams are the basic structural motif of many important antibiotics 

such as carbapenems, cephalosporins, and penicillins. Substituted β-lactams, which constitute 

one of the most important components for the synthesis of bioactive β-polypeptides, have 

also shown their relevance outside the field of conventional polymer applications.59,61 �

When it comes to polymerization, the kinetics and thermodynamics of the ring-opening 

process can be significantly influenced by the exact position, number, and size of substituents 

on the lactam ring, particularly at the nitrogen or carbon atoms. From a kinetic point of view, 

C-substituted lactams are generally less reactive than unsubstituted ones. The main reason of 

this decrease in reactivity is mainly due to the steric hindrance and the electronic effects. The 

large substituents near the reactive site may make it difficult for nucleophiles to attack, while 

electron-donating substituents may modify the amide moiety's electron density and thus 

make it less nucleophilic. These factors may prevent the transition state formation or its 

stabilization, which would slow the ring-opening process in comparison to unsubstituted 

lactams.  Because of the conformational changes they introduce, substituents on the lactam 

ring have the ability to change the enthalpy and entropy of ring-opening polymerization. The 

growing polymer chain may have new intramolecular interactions due to the presence of the 

substituents that mostly decreases the enthalpy of polymerization. In regard to entropy, the 
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substitutes may decrease entropy by decreasing the mobility of the chain in the polymer 

backbone. The mentioned factors have especially great effect in the case of small ring lactams, 

whose conformational freedom is already limited. These effects can therefore cause the 

equilibrium to move in favour of the monomer, decreasing the thermodynamic favorability of 

polymerization and favouring ring closure over chain propagation.59,62,63�

Substitution at the nitrogen atom introduces a distinct set of challenges for ring-opening 

polymerization. Most significantly, because N-substitution prevents the formation of a lactam 

anion, the monomer is no longer appropriate for anionic ROP. As a result, anionic mechanisms 

are unable to produce polymers made from specific N-substituted monomers, such as 

2-pyrrolidone and 2-piperidone. For these lactams, other initiation methods such as cationic 

or acidolytic polymerization are necessary. The ability of cis-lactams to undergo polymerization 

is influenced by N-substitution to a greater extent than by C-substitution. N-substituents, 

particularly those possessing electron-donating properties, interfere with the resonance 

stabilization of the amide bond, thereby decreasing reactivity, mainly in smaller, more strained 

rings. The effect of N-substitution is also dependent on the size of the          ring.  It is most significant 

in smaller rings and gradually diminishes as the ring expands. For instance, while 

four-membered N-substituted 2-azetidinones remain sufficiently strained and reactive to 

undergo polymerization, five-, six-, and seven-membered N-substituted lactams generally do 

not polymerize. Interestingly, for larger lactams with ring sizes ranging from eight to thirteen 

members, N-substitution does not necessarily prevent polymerization, particularly when using 

acidolytic or hydrolytic initiation methods.59,64�

The          ring-opening polymerization of lactams can follow different pathways depending on the 

reaction conditions and the monomer structure. Among these, cationic, anionic, and 

hydrolytic ROP methods have been the most extensively explored ones. Each          pathway has a 

different mechanism of initiation and propagation, thus enabling the tailored polymer 

structures and properties that are suitable for specific industrial and scientific applications.59,60�

Even if cationic ring-opening polymerization (CROP) is by far less prevalent than anionic one in 

industrial applications, it is still the most relevant method when it comes to the polymerization 

of N-unsubstituted and N-substituted lactams, thus giving access to polymers that are difficult 

to obtain in other ways. For this purpose, a variety of initiators have been investigated, among 
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them strong protic inorganic acids, Lewis acids, metal halides, carbenium ions, and various acyl 

derivatives.60 �

The    cationic ring-opening polymerization (CROP) of lactams has a rather complex mechanism 

and depends on the nature of the initiation system as well as the structural features of the 

monomer, mainly the type of substitution.60 This type of polymerization is performed under 

strict anhydrous conditions to prevent the occurrence of side reactions. Under these 

conditions, the species that plays a key role in the initiation and propagation is a lactam cation 

generated upon acid coordination with the monomer.59�

The lactam molecule's protonation behaviour is, in fact, a key component of this process. 

Protonation may take place either at the nitrogen atom or at the carbonyl oxygen atom in 

unsubstituted lactams. In tautomeric equilibrium, a small but significant amount of protonated 

nitrogen species is also present, although protonation on oxygen is thermodynamically 

favored. This N-protonated form is less stable due to the lack of resonance stabilization, 

however, it has significantly increased acylation character. Therefore, it can simply initiate the 

polymerization process by attacking the nitrogen atom of the lactam molecule. Then, the 

neutral lactam molecule attacks the N-protonated lactam species, which is a highly 

electrophilic center. The monomer is fast acylated due to this interaction resulting in the 

formation of the aminoacyl-lactam cation in the form of an ammonium salt. From a 

mechanistic point of view, this process is considered to involve a number of consecutive steps. 

The first one is the formation of a bond between the nitrogen atom of the attacking lactam 

and the electrophilic carbon of the protonated monomer. Ring opening is then facilitated by 

an internal proton transfer from one nitrogen atom to the other. The reactive aminoacyl 

intermediate is finally generated by a second proton transfer, this time from a hydroxyl group 

to an ammonium nitrogen. After          the formation of the reactive aminoacyl intermediate, chain 

propagation proceeds through repeated acylation reactions. These occur when the neutral 

amine end group, which is a strong nucleophile, attacks additional protonated lactam 

monomers. Thus, the polymer chain is lengthened by the addition of new units. This 

propagation step uses proton transfer equilibria to continuously regenerate the reactive 

species necessary for chain growth and it is, therefore, similar to the initiation     step. The impact 

of termination and side reactions can be reduced by carefully choosing initiators and managing 
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reaction parameters like temperature and solvent system, even though they may happen, 

especially when there is trace moisture or other contaminants present.59,60�

�
Scheme�6:�Mechanism�of�cationic�ring-opening�polymerization�(CROP)�of�lactams60�

Among the available methods for lactam polymerization, anionic ring-opening polymerization 

(AROP) is the most extensively employed technique. Such     a method is typically performed 

under anhydrous conditions and is only applicable to N-unsubstituted lactams that have a 

hydrogen atom on the amide group, as a free N-H proton is necessary for the generation of 

the reactive lactam anion.59 In most cases, initiation is done by a strong, non-nucleophilic base, 

and a co-initiator, either one originating from the lactam or formed in situ with acylating 

agents, is also used.65 One of the major benefits of AROP is its very high polymerization rate, 

which is a direct consequence of its very low activation energy. The process is very effective in 

bulk systems, where the polymerization temperature is determined by the melting point of 

the     lactam. Furthermore, it is the only polymerization route capable of successfully converting 

five- and six-membered lactams, such as 2-pyrrolidone and 2-piperidone, into 

high-performance polyamides.59,60�

The generation of a reactive lactam anion, usually achieved by deprotonating the amide 

nitrogen with a strong base, starts the polymerization process. Due to the delocalization of 

their negative charge across the amide and carbonyl groups, the lactamate and lactam anion 

both exhibit resonance stabilization. The anionic species is stabilized by this delocalization, but 

its nucleophilic nature is not greatly diminished. The          lactamate thus turns out to be the main 

source of the free lactam anion, which is the active species that initiates the polymerization 

process.59,65 The formed lactam anion attacks the carbonyl group of another lactam monomer 
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and starts the reaction, generating a tetrahedral intermediate. Consequently,     an amine anion 

is formed, which is very reactive due to the fact that it is not resonance-stabilized as the lactam 

    anion. An imide dimer (N-acyl lactam) is obtained when the amine anion rapidly abstracts a 

proton from a new monomer molecule, simultaneously regenerating a new lactam anion. 

Chain          propagation is achieved by repeated nucleophilic attacks of the lactam anion on the 

endocyclic carbonyl group of the N-acyl lactam, which acts as the non-ionic growth center. 

During this step, the acylation of the lactam anion takes place, thus a new amide bond is 

created and the polymer chain is extended.59 Propagation is much faster because of the higher 

electrophilicity of the N-acyl lactam and the stability of the propagating amide anion as 

compared to the initial stages of polymerization. Besides, the polymer amide anion may also 

engage in proton exchange with the unreacted monomers, thereby regenerating the lactam 

anion and maintaining the chain propagation.59,66–68�

�

�

�

�
Scheme�7:�Mechanism�of�anionic�ring-opening�polymerization�(AROP)�of�lactams59�
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However,          employing strong bases alone in anionic polymerization of lactams has some 

restrictions, as it normally needs high temperatures and the polymerization rates are slow. 

Unwanted side effects are more likely in these circumstances. These problems can be 

effectively solved by adding N-acyl lactam structures to the          system. When such reactive 

species are present from the beginning, they significantly accelerate the initiation step and 

allow the polymerization to proceed at much lower temperatures. This approach also 

broadens the applicability of the anionic method to less reactive lactams, such as 

2-pyrrolidone and 2-piperidone, for which the spontaneous formation of imide dimers is 

otherwise unfavorable.59 Due to their exceptional reactivity, N-acetyl-ε-caprolactam, 

N-propionyl-ε-caprolactam, and N-bis-isophthaloyl-ε-caprolactam are among the oldest and 

most commonly used N-acyl lactams. The utilization of N-acyl lactam activators eliminates the 

need for an initial activation phase, thus permitting the immediate chain initiation as the 

polymerization is started.59,69�

�
Scheme�8:�Introduction�of�N-acyl�lactam�activators�in�the�AROP�of�lactams59�

�

�
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Ring-Opening Polymerization of Cyclic Esters (Lactones)�

Lactones are a significant class of monomers, which have been widely utilized in the 

production of polyesters that are both biodegradable and biocompatible. The most popular 

representatives are lactide, glycolide, and ε-caprolactone, whose corresponding polymers 

have been extensively applied in the biomedical field, including drug delivery systems, 

scaffolds for tissue engineering, and sutures.70 Besides that, these materials have also attracted 

a lot of interest as environmentally friendly replacements for conventional petroleum-derived 

plastics due to their biodegradability and attractive mechanical properties.71–73�

The size and the ring strain of the monomer greatly influence the reactivity of lactones in 

polymerization processes. As a consequence of their highly strained rings, four-membered 

lactones tend to polymerize easily and they can achieve full conversion even under milder 

conditions. Five-membered rings, such as γ-butyrolactone, on the other hand, have long been 

thought to be non-polymerizable because of their minimal ring strain, which makes them 

thermodynamically stable and resistant to polymerization.74 Recent developments, however, 

have shown that its polymerization is feasible.75 Under appropriate conditions, six-membered 

lactones, such as δ-valerolactone, and seven-membered ε-caprolactone, easily undergo 

ring-opening polymerization and are frequently researched and used in controlled 

polymerization techniques.76,77�

ROP remains the principal method for transforming lactone monomers into high-performance 

polyesters. The process relies on the cleavage of the ring structure caused by various catalysts 

and initiators, among them photogenerated acids and bases.78 The choice of the 

polymerization pathway – whether anionic, cationic, or coordinated – greatly influences the 

polymerization kinetics, molecular weight distribution, end-group functionality, and 

stereochemical configuration.79�

The active chain end (ACE) mechanism and the activated monomer (AM) mechanism are the 

two main mechanistic pathways through which cationic ring-opening polymerisation (CROP) 

of lactones can proceed. Both pathways are started by electrophilic activation of the monomer. 

The reaction conditions, notably the presence of hydroxyl-functional compounds and the type 

of used acid catalyst, define the exact pathway.80�
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In the ACE mechanism, the initiator – most often a protonic acid, Lewis acid, an alkylating, or 

an acylating agent – promotes polymerization through electrophilic attack on the endocyclic 

oxygen atom of the lactone ring. The acyl–oxygen bond is thus cleaved, and a reactive oxonium 

ion is generated at the growing chain end. Propagation then occurs through successive 

nucleophilic attacks by additional monomer molecules on this oxonium-terminated chain. 

However, this mechanism tends to be accompanied by undesirable side reactions. Backbiting     

reactions are usually caused by positive charges at the chain end, resulting in cyclic byproducts, 

and intermolecular chain transfers can also lead to broader molecular weight distributions as     

well.80–82�

Alternatively, when the polymerization is performed with alcohols or diols, the reaction may 

proceed via the activated monomer (AM) mechanism. Here, cationic species refers to the 

protonated monomer instead of the growing chain end of the polymer. Propagation proceeds 

through nucleophilic attack of a hydroxyl group on the activated monomer, with the hydroxyl 

end group being regenerated in the process. One of the greatest advantages of the AM 

mechanism is the absence of a charged species on the propagating chain, thus the possibility 

of side reactions such as cyclization and backbiting is very much reduced. Therefore, AM-based 

CROP yields better molecular weight control, lower dispersity, and the possibility of a living 

polymerization behavior, especially when monomer addition is carefully controlled.80,82,83�

�

Scheme�9:�Polymerization�of�lactones�via�ACE�and�AM�mechanisms42�

Anionic ring-opening polymerization (AROP) is a well-established and extensively studied 

method used to produce aliphatic polyesters from lactone     monomers. Usually,     the process is 

started by strong nucleophilic agents, typically alkali metals, their oxides, or alkali metal 
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naphthalenide complexes. To increase reactivity and solubility, these are often combined with 

crown     ethers. The size and structure of the lactone ring, together with the nucleophilicity and 

basicity of the initiator, are the major factors that decide the reaction mechanism.76 Bigger 

lactones, such as lactide and ε-caprolactone (εCL), are generally involved in ring-opening via 

acyl–oxygen cleavage, thus an alkoxide ion is generated as the active species, which continues 

to propagate through successive nucleophilic attacks on additional monomer molecules. 

Depending on the choice of initiator, the polymerization may begin either through nucleophilic 

attack on the carbonyl carbon or via monomer deprotonation, with propagation proceeding 

via an alkoxide intermediate.79,84�

�
Scheme�10:�Initiation�step�in�the�AROP�of�lactones�via�a)�monomer�deprotonation�or�via�b)�nucleophilic�attack�

On the other hand, four-membered β-lactones show a significantly different behavior, 

primarily due to their high ring strain and polarity. These monomers can undergo ring opening 

via attack on the carbonyl carbon or on the carbon adjacent to the endocyclic oxygen atom, 

resulting in the formation of carboxylate and alkoxide end groups. Although β-lactones have 

been the most extensively studied group of cyclic esters in AROP, their reactivity demands very 

precise control of reaction parameters in order to avoid side reactions.84�

�
Scheme�11: Ring-opening of lactones by a) O‒acyl or�b) O‒alkyl bond cleavage85��

Overall, AROP has a much lower probability of side reactions like backbiting compared to 

cationic ring-opening polymerization. Mainly, this method is appealing for the production of 

linear, high-molecular-weight polyesters, as it eliminates the possibility of rearrangements due 

to the absence of positively charged     intermediates.82,84�

�

� �
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Objective�

In recent years, lithography-based additive manufacturing technologies have gained 

considerable attention. Currently, these processes mostly rely on radical photopolymerization, 

employing conventional acrylates and methacrylates as monomers in combination with radical 

photoinitiators. However, due to the polymerization mechanism, such systems are prone to 

oxygen inhibition and exhibit high volumetric shrinkage. To avoid these drawbacks, anionic 

photoinduced ring-opening polymerization (AROP) can be employed as an oxygen-insensitive 

reaction that often produces materials with reduced polymerization-induced volumetric 

shrinkage.�

The primary objective of this work is to evaluate the photoinduced polymerization reactivity 

of two classes of anionically curable cyclic monomers, lactones and lactams, using different 

photobase generators as initiators. In the initial stage of the work, a screening of three 

literature-known monomers should be conducted to assess their reactivity and suitability for 

PBG-mediated AROP reactions. The influence of polymerization temperature on both 

reactivity and the molecular weight of the resulting polymers should be systematically 

examined to provide a base for further development. Finally, reaction conditions including 

temperature, PBG concentration, and co-initiator concentration should be optimized.�

�

�

�
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State of the Art�

Cyclic compounds, primarily cyclic esters and cyclic amides, are among the most fascinating 

classes of monomers, as their ring-opening polymerization allows obtaining polymers with 

exact structures and tailored properties, thus being very appropriate for a large range of     uses.  

Such potential continues to inspire extensive research into their preparation and 

modification.59,86�

In ring-opening polymerization, the main driving force stems from the release of ring strain 

and the increased conformational freedom gained upon transformation of cyclic monomer 

into a linear or branched polymer – a phenomenon that has been extensively studied in the 

literature for a variety of cyclic compounds, both in bulk and in solution.87 �

Conventional ROP of cyclic esters typically relies on metal-based catalysts, with stannous 

octoate being the most widely used due to its FDA approval as a food stabilizer and its 

non-cytotoxicity, making it suitable for biomedical applications.88,89 Other metal-based 

initiators, such as metal alkoxides, can also be employed. Yet,          it is often quite difficult to 

remove the residual traces of their remains completely, and this makes it difficult to use them 

in sensitive fields such as medical or electronic industries.89–91 In the case of cyclic amides, 

conventional ROP is generally performed under acidic or basic catalysis. The literature includes 

different possibilities, with strong bases (e.g., sodium hydride,59 potassium tert-butoxide92,93) 

being usually mentioned for anionic polymerization, and strong acids like 

trifluoromethanesulfonic acid, phosphoric and metaphosphoric acids, or hydrochloric acid 

allowing cationic routes.59 �

However,          the use of photopolymerization to cure these monomers is still a bit rare in general, 

especially in the case of anionic initiators. One of the main problems of anionic 

photopolymerization is the scarcity of photobase generators that are both very efficient and 

highly reactive. Nevertheless, photoinduced ROP of cyclic esters and amides has recently 

attracted a lot of attention and evolved into a rapidly expanding research field due to the 

benefits it has over conventional ROP methods. After          these improvements, research has 

mainly focused on developing photoinitiators, which can generally be classified into two major 

categories: photoacid generators (PAGs) and photobase generators          (PBGs). Among them, PAGs 

– capable of releasing strong acids upon irradiation – have been studied more extensively.34 
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Classical examples include sulfonium and iodonium salts that have been employed to start 

cationic polymerization of cyclic esters or to incorporate these monomers in crosslinked 

polymer networks.48,49�

For instance, Sangermano et al. combined the degradability of PCL with the crosslinking 

potential of multifunctional epoxides to prepare degradable coatings, employing a 

PAG-mediated photo-ROP process.94 In another study, Barker and Dove achieved the 

photopolymerization of ε-caprolactone and δ-valerolactone using a triarylsulfonium salt, while 

Boyer and co-workers employed a reversible merocyanine-based, visible-light-regulated PAG 

to achieve temporal control over the ROP of these monomers simply by switching light on or 

off.95�

Building upon these previous reports, Mete et al. conducted a detailed study on cationic ROP 

of ε-caprolactone initiated by a sulfonium salt acting as a photoacid generator. When exposed 

to ultraviolet light, the sulfonium salt in their system went through photolysis and a strong 

Brønsted acid was released, which thus activated the monomer causing ring-opening and 

polymer chain growth. Also, the use of difunctional crosslinkers, such as multifunctional 

epoxides, was quite influential in reducing the gelation time and in the production of robust, 

crosslinked polymer networks.  The authors suggested these materials as promising candidates 

for advanced coating technologies and microfabrication, since they were able to fabricate 

dimensionally stable materials with tunable mechanical and degradation properties. 

Nevertheless, these reactions still had to be carried out at elevated temperatures to obtain 

sufficient reactivity and the use of difunctional crosslinkers was necessary to decrease the 

gelation     time.30 � �

With the advancement of PAG-mediated photo-ROP, the development of photobase 

generators (PBGs) was a great boost to anionic photoinduced ring-opening polymerization 

(ROP), although early reports were relatively rare. These systems, which made significant 

progress during the 2000s, were the subject of a detailed review by Shirai et al., who 

recognized their potential and at the same time highlighted the problem of the still existing 

shortage of highly efficient PBGs that could be used for practical ROP                    applications.96�

Surprisingly, despite the development of photobase generators (PBG), just a handful of 

UV-triggered ROP examples have been reported at the time. A major step forward was 

achieved in 2008, when Sun and co-workers introduced a PBG composed of a protonated TBD 
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cation paired with a UV-sensitive tetraphenylborate counteranion. Upon irradiation at 254�nm, 

this system released free TBD, which in the presence of 1�mol% n-hexanol as an initiator 

enabled the bulk polymerization of ε-caprolactone, reaching 70 % monomer conversion after 

just 5 minutes of exposure, followed by post-baking at 60�°C for 8 hours. In their work, they 

showed that bicyclic guanidinium tetraphenylborate could be used to mediate living anionic 

ROP of          ε-caprolactone. However, the process was limited by a relatively low quantum yield of 

0.18 for TBD release at 254 nm.56�

A notable advancement milestone was achieved by Dove and co-workers with the 

development of NPPOC-protected tetramethylguanidine (NPPOC-TMG) for the photoinduced 

ROP of L-lactide and related lactones. The          TMG base in this system was masked with a 

ketoprofenate group and was released upon exposure to 320–400 nm light, thus making the 

monomer conversion complete within 3 minutes only. In addition to being the pioneering 

instance of photocaged TMG in the ROP of L-lactide, the method also allowed for the exact 

control of molecular weight     distribution.97�

�
Scheme�12:�Photoinduced�ROP�of�L-lactide�using�NPPOC-TMG,�reported�by�Dove�et�al.97�

Placet et al. also devised a similar idea and reported the UV-triggered ROP of L-lactide through 

photocaged superbases. They activated PBG TBD·ketoprofenate upon irradiation at 254 nm in 

a dichloromethane solution at room temperature, thus releasing free TBD and initiating fast 

polymerization. This method made it possible to control the process “on-demand” and achieve 

full monomer conversion within 3 minutes of irradiation. In both the absence and the presence 

of 1-butanol as an initiator, the system produced linear PLA chains, and the use of an excess of 

1-butanol relative to the photolatent catalyst gave polymers with well-defined molecular 

weights and narrow     dispersity.98�
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�
Scheme�13:�Photoinduced�ROP�of�L-lactide�Using�TBDH+.keto−,�reported�by�Placet�et�al.98�

These achievements were revisited by Zivic et al.,45 who concentrated their work on the design 

of organic PBGs and the difficulties arising from their use, followed by a review from Pei and 

co-workers that pointed out the fast development and the expanding scope of PBG chemistry 

and its applications.99�

The latest innovations in PBG technology have shifted the focus from harmful UV to 

visible-light-responsive systems, offering enhanced safety and deeper light penetration. In          

2023, Yu et al. disclosed two novel BODIPY-based photobase generators, which could liberate 

the strong base tetramethylguanidine (TMG) upon visible LED irradiation, with a thiol-ene 

Michael “click” reaction serving as the activation pathway.100�

Most significantly, the field has even evolved toward practical applications. Honda and 

colleagues recently reported vat ring-opening photopolymerization method using PBGs to 

enable the 3D printing of fully degradable polymeric structures. This     invention presented a 

sustainable vat-photopolymerization method that employs light-triggered base generation to 

convert lactone or carbonate monomers into crosslinked but degradable networks – thus 

allowing both high resolution and recyclability in additive manufacturing.101�

In the past ten years, the development of PBG technology has been progressively more related 

to additive manufacturing applications. The combination of photo-ROP with vat 

photopolymerization, particularly Hot Lithography, enables the fabrication of high-resolution 

degradable structures with customized mechanical and degradation properties. Nevertheless, 

enhancements in photochemical efficiency, monomer scope, and selectivity of these systems 

are still quite needed to fully realize their potential for industrial-scale 3D printing.�
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RReessuullttss  aanndd  DDiissccuussssiioonn

In order to identify PBGs capable of promoting the ring-opening polymerization of cyclic 

monomers, a preliminary screening of various literature-known compounds was conducted. 

For this purpose, three different PBGs were selected due to availability (Figure 9), including 

two commercial PBGs (WPBG-266 and WPBG-300) from FUJIFILM Wako Chemicals Europe 

GmbH, which liberate an organic Brønsted superbase – a biguanide (pKBH+ = 31.8),102,103 and a 

photobase referred to as TP, which sets P2-phosphazene superbase (pKBH+ = 33.5) free.104�

�
Figure�9:�Structures�of�PBGs�used�in�the�screening�of�potential�initiator�for�ROP�of�cyclic�monomers�

The     primary objective of this thesis was to establish the occurrence of ring-opening 

polymerization of cyclic monomers upon use of different PBGs as initiators, hence, different 

monomers were selected and their reactivity was studied. The chosen monomers were 

ε-caprolactone, ε-caprolactam, and 2-azetidinone. ε-Caprolactone and ε-caprolactam were 

selected primarily because they are among the most frequently studied seven-membered 

cyclic lactones and amides, which have been deeply investigated and are generally considered 

to provide reproducible results. Nevertheless, seven-membered cycles normally have low ring 

strain, which is the reason for the limited heat evolution observed during their     polymerization. 

Therefore, a four-membered lactam – 2-azetidinone – was selected as a promising candidate 

due to its significantly higher ring strain, which provides a stronger driving force for 

ring-opening polymerization reactions and increases the likelihood of exothermic 

behavior.86,105 An overview of investigated monomers is given bellow (Figure 10).�
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�
Figure�10:�Structures�of�cyclic�monomers�selected�for�the�model�system�

In order to investigate the reactivity of all selected monomers and ensure a coherent analysis, 

photo differential scanning calorimetry (photo-DSC) was chosen as a reliable, controllable and 

consistent curing method. To ensure a comparable analysis of all monomers, the curing of all 

samples was carried out using this method, although it was expected that in not all cases an 

exothermic signal might be visible. The main advantage of employing the photo-DSC method 

to cure the samples was the ability to precisely replicate the same reaction parameters for all 

samples, including temperature, irradiation time and intensity. An Omnicure 2000 from Lumen 

Dynamics with glass fiber light waveguides was used as the light source. The curing of samples 

took place under N2-atmosphere at 25, 50, 70, 80, 90, 100 or 120�°C, with each formulation 

containing the respective monomer being irradiated with a spectral range of 320 – 500 nm at 

an intensity of 80�±�1�mW�cm-2. Once the desired temperature was reached, the system was 

equilibrated for 4 minutes before being irradiated twice for 5 minutes. Moreover, the 

polymerized samples were analyzed immediately after irradiation via 1H-NMR and GPC 

analysis to assess the outcome of the reaction.�

� �
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1. Reactivity Study of ε-Caprolactone

Among all lactones, ε-caprolactone stands out as probably the most extensively investigated 

and widely used, primarily due to its low cost, abundance, biocompatibility and availability 

from renewable sources.106,107 Given its well-established ability to undergo anionic 

ring-opening polymerization (AROP),106 this seven-membered cyclic ester was selected as the 

first model monomer whose reactivity should be tested with three photobase generators 

(PBGs), namely WPBG-266, WPBG-300, and TP.�

�

Scheme�14:�ROP�of�ε-caprolactone�

1.1 Photobase Screening

A photo-DSC study of ε-caprolactone was performed using three different photobases�–

WPBG-266, WPBG-300, and TP. For the formulation containing 2�mol% WPBG-266, 

2�mol%�benzyl alcohol were employed as a co-initiator.102 In order to facilitate rapid and 

complete conversion during the photocleavage of the ketoprofen anion, 0.02�mol% 

9,10-dibutoxyanthracene (DBA) were utilized as a sensitizer.108–111 In contrast, the formulations 

containing either 2�mol% WPBG-300 or 2�mol% TP utalized 2�mol% N-acetylcaprolactam as the 

co-initiator. Moreover, as the literature suggests, DBA was replaced with 0.02 mol% 

isopropylthioxanthone (ITX) as the sensitizer.103�

The samples were irradiated for 300�s with 80�mW�cm-2 (320 – 500�nm light source) and the 

temperature was varied between 25�°C and 120�°C. Despite attempts to monitor the 

exothermic behavior of the reaction via photo-DSC analysis, negative peak areas were 

observed, which were calculated from the difference between the second exposure phase and 

the first exposure phase. This outcome indicates that no measurable heat release occurred 

during the photopolymerization process and therefore calorimetric information could not be 

obtained. The photo-DSC curves of ε-caprolactone cured with 2�mol% WPBG-266 recorded at 

different temperatures are presented below (Figure 11).�
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�

Figure�11:�Photo-DSC�analysis of ε-caprolactone�cured�with�2�mol%�WPBG-266�

In ring-opening polymerizations (ROP), the exothermic nature of the reaction is primarily 

driven by the release of ring strain. This strain arises from angular and torsional deformations 

in the monomer's cyclic structure. Normally, three- and four-membered rings exhibit 

significant ring strain, making them highly reactive and releasing considerable heat during 

polymerization.86,105,112 In contrast, five- and six-membered rings are less strained due to their 

geometry, resulting in lower reactivity. Seven-membered cycles, such as that of 

ε-caprolactone, generally exhibit similarly low ring strain, which explains the limited heat 

evolution observed during their polymerization.86,105 Consequently, the polymerization 

enthalpy of ε-caprolactone is relatively low – approximately −30 kJ�mol⁻¹ – and is primarily 

associated with the modest release of ring strain.113 Therefore, the heat released during 

polymerization could not be detected using photo-DSC analysis, as shown in Figure 11.�

Nevertheless, 1H-NMR was utilized to assess the degree of polymerization by analyzing the 

polymer end-groups, as well as the conversion of monomer. During photopolymerization 

reaction, achieving complete monomer conversion is desirable for ensuring good properties 

of the resulting polymer. New signals or an altered shape of existing peaks, especially 

broadening or shifts, are signs of polymerization. Such signs of polymerization can be found 

when comparing the spectra of cured samples with those of the unreacted formulation. 

Therefore, conversion can be determined by comparing the integral values of the emerging 

polymer signal at 4.0 ppm to the unreacted monomer (Figure 12).�

�
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�
Figure�12:�1)�Example�of�the�1H-NMR�spectra�of�formulation�before�irradiation�(red�curve�below)�and�2)�after�ROP�reaction�

of ε-caprolactone�cured�with�WPBG-266�(blue�curve�above),�and�formula�used�for�conversion�calculation�(on�the�left)�

When focusing on the area between 3.5 and 4.0�ppm of the polymerized samples, peaks 

attributed to terminal methylene groups can be detected (Figure 13). As the ring-opening 

polymerization results in the appearance of a terminal OH group, comparing the methylene 

protons near this group with those in the backbone can be used to estimate the degree of 

polymerization.�

�
Figure�13:�Example�for�Pn�determination�by�the�integration�of�the�protons�next�to�the�end�group�and�the�methylene�proton�

in�the�main�chain�

𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 (%) = 𝟏𝟎𝟎 ∙ 𝐈𝐏𝐈𝐌 + 𝐈𝐏𝐈𝐏 … 𝐩𝐨𝐥𝐲𝐦𝐞𝐫 𝐩𝐞𝐚𝐤𝐈𝐌 … 𝐦𝐨𝐧𝐨𝐦𝐞𝐫 𝐩𝐞𝐚𝐤
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The ¹H-NMR results show a clear temperature dependence of the photoinitiated ring-opening 

polymerization of ε-caprolactone for all investigated photobases (Figure 14 and Figure 15).�

�

Figure 14: Conversion values of ε-caprolactone for samples cured with WPBG-266, WPBG-300 and TP�

�

Figure�15:�Pn�values�of�ε-caprolactone�for�samples�cured�with�WPBG-266,�WPBG-300�and�TP�

The temperature increase revealed a clear trend of higher monomer conversions and degrees 

of polymerization (Pn) in all systems. This trend indicates that thermal activation is essential 

for facilitating the ring-opening polymerization of ε-caprolactone. Thus, the highest 

temperature of 120�°C proved to be the most suitable for the PBG-mediated ROP reactions of 

ε-caprolactone. Among the tested photobases, WPBG-266 exhibited the highest reactivity, 

achieving a maximum monomer conversion of 83�% as well as a degree of polymerization of 

21 at 120�°C. Slightly lower monomer conversions and degrees of polymerization were 
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achieved at all curing temperatures when using the photobase WPBG-300 as the 

photoinitiator. This     shows that both photobases can generate the anionic ring-opening 

polymerization (AROP) of ε-caprolactone; however, WPBG-266 was a little bit more effective 

under the same experimental conditions. A photobase TP followed a similar overall trend, but 

the final conversions and degrees of polymerization were a little lower than those with the 

photobase WPBG-266 and generally comparable to or slightly lower than those obtained with 

the photobase WPBG-300. Overall, the temperature remains the most important factor for a 

high monomer conversion rate in photoinitiated AROP systems with any of the three PBGs 

tested, as confirmed by the     results.�

Moreover, GPC was used to monitor any increase in molecular weight. The results obtained 

from the ¹H-NMR and GPC analyses reveal a clear correlation between curing temperature and 

both the monomer conversion and the molecular weight of the resulting polymers (Figure 16 

and Figure 17). �

�

Figure�16:�Mn�values�of�ε-caprolactone�for�samples�cured�with�WPBG-266,�WPBG-300�and�TP�
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�

Figure�17:�PDI�values�of�ε-caprolactone�for�samples�cured�with�WPBG-266,�WPBG-300�and�TP�

The GPC results further confirmed the temperature dependence of PBG-mediated anionic ring 

opening polymerization. Only negligible molecular weights were observed at lower 

temperatures of 25 °C and 50 °C in all systems. Nevertheless,     the polymerization was more 

efficient at higher temperatures in all systems studied, the molecular weights of the polymers 

increased, and the dispersity index (PDI) stayed at a comparatively low level, which is an 

indication of a controlled polymerization process. WPBG-266 gave the highest molecular 

weights under the same experimental conditions, whereas WPBG-300 and TP produced 

somewhat lower molecular weights and thus, exhibited slightly lower polymerization     

efficiencies.  These trends in molecular weight correlated with trends in monomer conversion 

and degree of polymerization observed in the ¹H-NMR analysis, confirming that WPBG-266 

provides the most efficient initiation and propagation.�

1.2 Cationic Reference Systems based on Photoacid Initiation

For further reactivity studies of ε-caprolactone, reference systems containing photoacid 

generators (PAGs) as photoinitiators were prepared and compared with systems initiated by 

PBGs. Therefore, two PAGs were included into the reactivity studies of ε-caprolactone (Figure 

18). The iodonium salt I-Al was expected to show good reactivity, while the sulfonium salt S-B, 

commercially available as Irgacure 290, was also expected to show good reactivity, but also 

better thermal stability.42�
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�
Figure�18:�Structures�of�PAGs�used�for�reference�systems�in�ROP�of�ε-caprolactone�

A photo-DSC study of ε-caprolactone was performed with either 2�mol% I-Al or 2�mol% S-B in 

combination with 2�mol% benzyl�alcohol�as a co-initiator, without the use of any sensitizer.42 

The samples were irradiated for 300�s with 80�mW�cm-2, with temperatures ranging from 25�°C 

to 120�°C.�

Nevertheless, there was no exothermic response visible, and thus, no calorimetric data could 

be obtained. To prepare the samples for GPC and ¹H-NMR analysis, the reactions were 

quenched with 0.3 wt% pyridine. Therefore, GPC was employed to monitor potential increases 

in molecular weight, and monomer conversion and degree of polymerization were further 

evaluated via ¹H-NMR. �

�
Figure�19:�Conversion�values�of�ε-caprolactone�for�samples�cured�with�PAGs�(I-Al�and�S-B)�compared�to�those�of�samples�

cured�with�photobase�WPBG-266�
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�
Figure�20:�Pn�values�of�ε-caprolactone�for�samples�cured�with�PAGs�(I-Al�and�S-B)�compared�to�those�of�samples�cured�with�

photobase�WPBG-266�

The obtained ¹H-NMR results indicate that the reaction proceeds even though the photo-DSC 

measurements did not reveal any exothermic behavior during the photopolymerization of 

ε-caprolactone in the presence of I-Al or S-B and benzyl alcohol. Compared to the previously 

tested PBG system containing WPBG-266 as the photobase, which showed the highest 

reactivity among tested PBGs, photoacid generators (PAGs) enabled significantly higher 

reactivity of monomer across the entire temperature range. In both PAG systems, a gradual 

increase in conversion and degree of polymerization with temperature was observed. 

However, the S-B photoacid system exhibited slightly higher conversions and degrees of 

polymerization at all tested temperatures compared to I-Al. At the highest curing temperature 

of 120 °C, both systems reached nearly complete conversion up to 97�%, but S-B produced 

marginally higher Pn values under identical conditions. Overall, these results suggest that the 

S-B photoacid provides slightly enhanced polymerization efficiency compared to I-Al, although 

both systems showed comparable temperature-dependent behavior characteristic of 

PAG-initiated ring-opening polymerization.�

The results obtained by GPC analysis revealed a clear trend of increasing molecular weights of 

the resulting polymers with increasing temperature (Figure 21 and Figure 22).�
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�
Figure�21:�Mn�values�of�ε-caprolactone�for�samples�cured�with�PAGs�(I-Al�and�S-B)�compared�to�those�of�samples�cured�with�

photobase�WPBG-266�
�

�
Figure�22:�PDI�values�of�ε-caprolactone�for�samples�cured�with�PAGs�(I-Al�and�S-B)�compared�to�those�of�samples�cured�with�

photobase�WPBG-266�

The molecular weight increased steadily over the tested temperature range, while PDI 

remained in a moderate range, indicating a relatively well-controlled polymerization process. 

Compared to the I-Al system, the S-B system resulted in slightly higher molecular weights, 

confirming its somewhat higher polymerization efficiency under identical experimental 

conditions. On the other hand, the PBG model system containing WPBG-266 as photobase 

showed significantly lower conversions and molecular weights, especially at reduced 

temperatures. Overall, photoacid generators (PAGs), particularly S-B, showed significantly 

better performance, enabling not only higher monomer conversions but also the formation of 

polymers with higher molecular weights over the entire temperature range. This highlights 

their distinct advantage in the photoinitiated ring-opening polymerization of ε-caprolactone.�
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2. Reactivity Study of ε-Caprolactam

To investigate the potential anionic ring-opening polymerization (AROP) reaction between 

ε-caprolactam and a photobase, three previously mentioned photobase generators (PBGs) – 

WPBG-266, WPBG-300, and TP – were used in the photobase screening. Accordingly, the 

anionic ROP of ε-caprolactam (Scheme 15) was carried out under the same conditions as for 

ε-caprolactone, in this case at 100 °C.�

�
Scheme�15:�ROP�of�ε-caprolactam�

�

2.1 Photobase Screening

In an attempt to evaluate the influence of different photobase generators (PBGs) on the 

anionic ring-opening polymerization of ε-caprolactam, three formulations were prepared and 

tested under identical irradiation and thermal conditions. In the formulation containing 

2�mol% WPBG-266, 2�mol% benzyl alcohol were employed as a co-initiator, since strong 

organic bases such as biguanides can efficiently deprotonate alcohols, thereby generating 

reactive alkoxide species that initiate the anionic ring-opening polymerization of lactams in a 

controlled manner.114–116 In addition, 0.02�mol% 9,10-dibutoxyanthracene (DBA) were 

included as a sensitizer, thereby extending the absorption spectrum of WPBG-266 towards 

longer wavelengths and ensuring more efficient photogeneration of initiating species. 

Conversely, in the other two formulations, which contained either 2�mol% WPBG-300 or 

2�mol% TP, N-acetylcaprolactam (2�mol%) was chosen as the co-initiator. Due to its structural 

similarity to ε-caprolactam, N-acetylcaprolactam provides excellent chemical compatibility 

within the system. More importantly, it can stabilize the developing anionic center through 

resonance and inductive effects, thereby improving control over chain initiation and 

propagation.114–116 For these formulations, ITX (0.02�mol%) – a more versatile sensitizer known 

for its broad absorption profile and efficient triplet energy transfer – was employed in order to 

ensure efficient photoactivation, generation of the desired base, and effective initiation of the 

polymerization process.103 �
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Since     anionic ring-opening polymerization (AROP) of ε-caprolactam did not show any 

exothermic behavior in photo-DSC analysis, 1H-NMR analysis was used to determine monomer 

conversion. Nevertheless, one interesting and unexpected detail was observed during the 

preparation of samples for 1H-NMR analysis. Although polyamides, such as nylon 6 and nylon 

6,6, are generally known for their poor solubility in common organic solvents like 

tetrahydrofuran (THF) and chloroform due to their high crystallinity and strong intermolecular 

hydrogen bonding, which create a dense and stable structure resistant to solvent penetration, 

all the cured samples in this case dissolved readily in both solvents at room temperature.117 

This unusually high solubility raised the first suspicion that ring-opening polymerization (ROP) 

of ε-caprolactam might not have occurred as intended. To investigate further, 1H-NMR analysis 

of the samples dissolved in chloroform was performed. However, no differences were 

observed between the spectra of the samples before and after curing, indicating that 

polymerization was likely unsuccessful.�

Given these results – namely, the unexpected solubility of the cured samples in THF and 

chloroform as well as the absence of spectral changes in NMR after irradiation – additional 

ATR-FTIR analysis was conducted to clarify whether ring-opening polymerization (ROP) of 

ε-caprolactam had occurred.�

2.2 ATR-FTIR Characterization

As previously mentioned, given the results of the NMR analysis and the results of the solubility 

tests of the cured samples, the first doubts regarding the success of the polymerization 

emerged at this stage. Therefore, ATR-FTIR spectra were used to reinforce and further support 

these findings (Figure 23 and Figure 24).�

�
Figure�23:�Comparison�of�ATR-FTIR�spectra�of�poly-ε-caprolactam�(red�curve)�and�samples�cured�with�different�PBGs�(blue,�

purple�and�green�curves)�
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�
Figure�24:�Comparison�of�ATR-FTIR�spectra�of�ε-caprolactam�(red�curve)�and�samples�cured�with�different�PBGs�(blue,�

purple�and�green�curves)�

According to the literature,118,119 a sign of successful polymerization and the formation of 

poly-ε-caprolactam would be N-H stretching bands at 3290-3400�cm-1, CH2 asymmetric 

stretching bands at 2930–2950 cm-1, CH2 symmetric stretching bands at 2850–2870 cm-1, C=O 

stretching bands at 1635-1645 cm-1 as well as N-H bending at 1260-1300�cm-1, as shown in 

Figure 23 by the red curve. After curing of the model system, the characteristic IR absorption 

bands of poly-ε-caprolactam were not detected. The absence of these bands supports the 

assumption that successful ring-opening polymerization of ε-caprolactam and subsequent 

formation of poly-ε-caprolactam did not occur during the 5-minute irradiation, regardless of 

the photobase generator used (Figure 23, blue, purple and green curve). In addition, Figure 24 

shows an overlap between the curves of the samples cured with three different PBGs and the 

curve of caprolactam (red curve), which was used as a reference, further confirming that the 

ring opening was unsuccessful.120�

� �
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3. Reactivity Study of 2-Azetidinone

Due to the lack of detectable heat release during the anionic ring-opening polymerization of 

ε-caprolactone and ε-caprolactam – which can be attributed to their relatively low ring 

deformation – attention was turned to smaller, more strained monomers in order to enable 

monitoring using photo-DSC (Scheme 16). In this context, a four-membered lactam – 

2-azetidinone – was selected as a promising candidate due to its significantly higher ring strain, 

which provides a stronger driving force for ring-opening polymerization reactions and 

increases the likelihood of exothermic behavior.�

�

Scheme�16:�ROP�of�2-azetidinone�

3.1 Photobase Screening

As previously discussed, the ring-opening polymerization of 2-azetidinone is – contrary to 

7-membered cycles – exothermic and thus suitable for calorimetric analysis. Therefore, the 

reactivity of 2-azetidinone during anionic ROP was investigated with photo-DSC analysis. Prior 

to irradiation, both the sample and reference were conditioned in an isothermal phase at the 

selected temperature to ensure thermal equilibrium. The samples were then exposed to two 

successive irradiation cycles, during which heat evolution was recorded in real time, and 

parameters relevant to evaluate the efficiency of the photopolymerization were derived from 

these measurements. These parameters included the heat of polymerization (expressed as the 

area under the heat flow curve), which was calculated from the difference between the second 

and the first exposure phase, the time until a peak maximum was reached (tmax), and the time 

required to reach 95�% of the total polymerization enthalpy (t95). �

However, due to the immiscibility of the TP photobase with the monomer, only two 

commercially available photobase generators – WPBG-266 and WPBG-300 – were used for 

photobase screening. As a result, two formulations were prepared: one with 2�mol% 

WPBG-266, 2�mol% N-acetylcaprolactam as a co-initiator, and 0.02�mol% DBA as a sensitizer,102 

and another consisting of 2�mol% WPBG-300, 2�mol% N-acetylcaprolactam, and 0.02�mol% ITX 
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as a sensitizer.103 A broadband UV/VIS light source (320-500 nm) with an intensity of 

80�mW�cm-2 was used to trigger photopolymerization and the heat released during the 

polymerization was recorded. The samples were irradiated for 300�s and the measurements 

were performed at 90�°C. In Figure 25, the measured heat flow of the polymerization for 

2-azetidinone with WPBG-266 and WPBG-300 is represented.�

�
Figure�25:�Photo-DSC�analysis�of�2-azetidinone�cured�with�WPBG-266�and�WPBG-300�at�90�°C�

Table�1:�Results�obtained�from�photo-DSC�analysis�of�2-azetidinone�with�WPBG-266�and�WPBG-300�at�90°C�

PBG� Area�[J�g-1]� tmax�[s]� t95�[s]�
WPBG-266� 117.4� 36� 66�
WPBG-300� 33.6� 28� 93�

The     much larger exothermic area of 117.4 J g⁻¹ for WPBG-266 compared to only 33.6 J g⁻¹ for 

WPBG-300 clearly indicates that WPBG-266 was significantly more reactive, thus the 

formulation with WPBG-266 went through ring-opening polymerization more effectively. 

WPBG-266 took a slightly longer time than WPBG-300 to reach maximum heat flow (tmax), 

however, this short delay was more than compensated by its overall better performance. 

Additionally, WPBG-266 took considerably less time than WPBG-300 to reach 95�% of total 

heat evolution (t95), indicating that the system containing WPBG-266 reached completion of 

polymerization more rapidly, exhibiting both higher intensity and faster kinetics. Overall, 

WPBG-266 performed better than WPBG-300, thus it is the most effective photobase 

generator for initiating the ring-opening polymerization of 2-azetidinone under the tested     

conditions. �

-1

0

1

2

3

4

5

6

0 50 100 150 200

He
at
�F
lo
w
�(m

W
/m

g)

Time�(s)

WPBG-266

WPBG-300



43�
�

As expected for polyamides such as nylon 3, the cured samples exhibited poor solubility in 

common organic solvents, which posed a considerable limitation for conducting GPC 

analysis.121 In particular, samples cured with WPBG-266 could not be dissolved in pure 

tetrahydrofuran (THF), and even the use of 8 wt% hexafluoroisopropanol (HFiP) did not result 

in homogeneous solutions when mixed with THF. Although hexafluoro isopropanol usually 

significantly enhances the solubility of substances, in the case of samples cured with 

WPBG-266, using 8�wt% hexafluoro isopropanol did not yield success and did not produce any 

homogeneous solutions. Despite the good solubility in pure hexafluoro isopropanol, GPC 

analysis was not feasible, as the addition of small amounts of THF resulted in a precipitate. In 

contrast, the samples cured with WPBG-300 showed improved processability – they were 

easily dissolved in 8 wt% HFiP and were further diluted with THF for successful GPC analysis. 

The GPC results of the samples cured with WPBG-300 showed a molecular weight of 9�kDa 

and a polydispersity index (PDI) of 1.6.�

In addition to photo-DSC analysis, further characterization of the cured samples was pursued 

to better assess the efficiency of the polymerization process. Despite the challenges 

encountered with GPC, it was observed during sample handling that both samples were fully 

soluble in pure HFiP, a solvent known to disrupt strong hydrogen bonding in polyamides and 

enhance solubility.122 This observation was used to explore an alternative characterization 

approach – dynamic light scattering (DLS). Therefore, cured samples were dissolved in HFiP 

and subjected to DLS analysis, which allowed the measurement of the hydrodynamic radius of 

the polymer chains in solution, providing information about the molecular size of the polymers 

formed with each PBG. Sample preparation requires a particular attention because dust 

dramatically interferes in the DLS measurements. The entire sample preparation was therefore 

conducted under a thoroughly cleaned fume hood to minimize the risk of dust interference. 

Glass cuvettes were pre-cleaned and flushed with compressed air and the cured polymer 

samples were dissolved in hexafluoro isopropanol yielding concentrations of 1�mg�mL-1 and 

transferred into the glass cuvettes via syringe filters. �

DLS measurements were performed at 25�°C and the scattering angle was set to 90° with 

respect to the incoming beam. The hydrodynamic radius of samples cured with WPBG-266 was 

found to be 0.9�nm, whereas the polymer formed using WPBG-300 exhibited a smaller radius 

of 0.5 nm, indicating that WPBG-266 led to the formation of larger polymer chains under the 
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given conditions. These results are in a very good agreement with the photo-DSC results, 

confirming WPBG-266 as a more suitable and efficient PBG for initiating the ring-opening 

polymerization of 2-azetidinone.�

3.2 Optimizing the Model System

In the previous chapter, the photobase generators were established as possible initiators for 

the light-induced ring-opening polymerization (ROP) of 2-azetidinone. Based on preliminary 

results, WPBG-266 emerged as more efficient photoinitiator for this reaction and was 

therefore selected for further investigation. In order to find the most favorable reaction 

conditions for efficient PBG-mediated ROP of 2-azetidinone, several parameters were altered 

in a controlled manner, including temperature, PBG concentration, and the concentration of 

the co-initiator. All reactions were conducted in triplets on a photo-DSC device coupled with a 

light source emitting in the 320-500�nm range, following the procedure described at the 

beginning of the Results and Discussion chapter. Therefore, each sample was irradiated for 

300�s with an intensity of 80�mW�cm-2.�

�
Scheme�17:�Optimization�of�temperature,�PBG�and�co-initiator�concentration�for�ROP�of�2-azetidinone�

�

3.2.1 Temperature Screening�

The ring-opening polymerization of 2-azetidinone was performed in the presence of an 

equimolar mixture of PBG and co-initiator (2�mol% WPBG-266 and 

2�mol%�N-acetylcaprolactam). The irradiation intensity of the light source was set at 

80�mW�cm-2 and the samples were irradiated for 300�s. Materials obtained from the photo-DSC 

analysis were then dissolved in formic acid and further analyzed using NMR to provide 

information about the monomer conversion.�
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�

Figure�26:�Temperature�screening�results�for�ROP�of�2-azetidinone�with�WPBG-266�as�initiator�

Figure 26 shows the temperature screening results obtained from photo-DSC measurements.�

Table�2:�Summary�of�results�for�ROP�of�2-azetidinone�with�WPBG-266�at�different�temperatures�

T�[℃℃]�� Area�[J�g-1]� tmax�[s]� t95�[s]� Rp�[mmol�L-1�s–1]� Conversion�[%]�
70� 108.3� 37� 62� 51.9� 37�
80� 117.4� 36� 66� 56.3� 40�
90� 219.9� 33� 72� 67.6� 51�
100� 235.2� 28� 71� 81.9� 54�

The observed increase in the measured photo-DSC signal results from a higher monomer 

conversion. Furthermore, a minimum temperature of 70 °C was required to initiate noticeable 

polymerization and to observe a measurable exothermic response in the photo-DSC analysis. 

In addition, the practical theoretical heat of polymerization was estimated by correlating the 

DSC-measured reaction enthalpy, expressed as the integrated exothermic area, with the 

NMR-determined monomer conversion. The resulting values were 20.8, 21.1, 30.7 and 

31.1�kJ�mol⁻¹ at 70, 80, 90 and 100 °C, respectively, showing a clear increase with temperature 

that correlates well with the higher monomer conversions determined by NMR. Furthermore, 

the time to reach maximum heat flow also decreased from 37 s to 28 s with increasing 

temperature, suggesting that higher temperatures accelerate the initiation of the 

polymerization. This trend was further confirmed by NMR analysis, which showed increasing 

monomer conversion with temperature. However, conversions exceeding 50�% were only 

achieved at 90 °C or higher. Using the theoretical heat of polymerization of 2-azetidinone 

(~100 kJ�mol-1) and applying Equation 1 presented in Materials and Methods chapter, the rate 

of polymerization RP was determined, also showing an increase with increasing 
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temperature.123–125 Overall, the results showed that higher temperatures significantly promote 

the reactivity and conversion in anionic ring-opening polymerization of 2-azetidinone.�

3.2.2 PBG Concentration Screening�

The following screening experiments demonstrate the impact of the PBG concentration on the 

ROP reaction of 2-azetidinone, since the concentration of PBG can significantly affect both 

monomer conversion and achievable polymer chain length. All reactions were performed at 

90 °C and the intensity of the incident light was set to 80 mW cm-2. Three different formulations 

containing 1 mol%, 2 mol% or 3 mol% WPBG-266 were analyzed under identical photo-DSC 

conditions, each combined in equimolar ratio with N-acetylcaprolactam as co-initiator, as 

shown in Figure 27. Due to the limited availability of formic acid required for polymer 

dissolution prior to NMR analysis, monomer conversion was determined only for the 

temperature screening experiments and was therefore not calculated for the PBG 

concentration screening. �

�

Figure�27:�PBG�concentration�screening�results�for�ROP�of�2-azetidinone�cured�with�WPBG-266,�each�in�an�equimolar�

mixture�with�N-acetylcaprolactam�as�co-initiator��

The results presented in Table 3 demonstrate a clear influence of WPBG-266 concentration on 

the ring-opening polymerization (ROP) of 2-azetidinone. �

�

�

-1

0

1

2

3

4

5

6

0 50 100 150 200 250

He
at
�F
lo
w
�(m

W
/m

g)

Time�(s)

1mol%
2mol%
3mol%



47�
�

Table�3:�Summary�of�results�for�ROP�of�2-azetidinone�with�different�concentrations�of�WPBG-266�and�N-acetylcaprolactam�

Concentration�[mol%]� Area�[J�g-1]� tmax�[s]� t95�[s]�
1� 152.9� 57� 104�
2� 96.4� 41� 66�
3� 107.6� 35� 60�

At a concentration of 1 mol% PBG and co-initiator, the highest reaction enthalpy of 152.9 J g⁻¹ 

was measured, accompanied by the slowest reaction kinetics, as indicated by the longest tmax 

of 57 s and t95 of 104 s. This elevated enthalpy may be partly due to the slower reaction rate, 

which allows for greater thermal accumulation over a prolonged period. When the PBG 

concentration was increased to 2�mol%, a notable acceleration in polymerization was 

observed, with tmax and t95 decreasing to 41 s and 66 s, respectively. The maximum heat flow 

was reached faster, followed by a drop in total enthalpy (96.4 J g⁻¹). The reaction proceeded 

even faster at 3 mol% and achieved the shortest tmax = 35�s, as well as t95�=�60�s, with a small 

increase in enthalpy (107.6 J g⁻¹) compared to 2 mol%, indicating a further improvement in 

reaction efficiency. In general, the results show a compromise between the polymerization 

rate and the total thermal output, with 1 mol% producing the highest thermal output, possibly 

as a result of its slower kinetics, and 3�mol% providing the fastest and most effective initiation, 

which could be advantageous for applications requiring quick curing.�

3.2.3 Co-Initiator Concentration Screening�

In an attempt to further optimize the reaction conditions for the ring-opening polymerization 

of 2-azetidinone, the influence of different co-initiator concentrations was additionally 

investigated. For this purpose, N-acetylcaprolactam was employed in concentrations ranging 

from 1 to 3�mol%, while the PBG concentration was kept constant at 3�mol% WPBG-266 –

previously identified as the most effective initiator level. All experiments were conducted at 

90�°C under constant light irradiation of 80�mW�cm⁻². Because formic acid, required for 

polymer dissolution and subsequent NMR analysis, was available only in limited quantities, 

monomer conversion values were evaluated exclusively for the temperature screening 

experiments, and therefore were not obtained for this set of experiments.�
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�

Figure�28:�Co-initiator�concentration�screening�results�for�ROP�of�2-azetidinone�with�3�mol%�WPBG-266�as�initiator��

As summarized in Table 4, increasing the co-initiator concentration from 1 to 3 mol% resulted 

in significant changes in both reaction kinetics and overall enthalpy. �

Table�4:�Summary�of�results�for�ROP�of�2-azetidinone�cured�with�3�mol%�WPBG-266�and�different�concentrations�of�
N-acetylcaprolactam�

Concentration[mol%]� Area�[J�g-1]� tmax�[s]� t95�[s]�
1� 92.3� 46� 131�
2� 96.8� 42� 66�
3� 108.3� 38� 62�

While concentrations of 2�mol% and 3�mol% N-acetylcaprolactam both demonstrated 

noticeably faster polymerization kinetics, the lowest concentration of 1�mol% of 

N-acetylcaprolactam produced the least favourable kinetic profile among the tested 

concentrations, as indicated by the longest t95 value. The longest tmax = 46 s and t95 = 131 s, as 

well as the lowest reaction enthalpy (92.3 J g⁻¹) were recorded at 1�mol% N-acetylcaprolactam, 

indicating slower initiation and a more prolonged reaction, which may be the result of an 

insufficient activation of the monomer. Increasing     the concentration to 2 mol% led to the 

enhancement of the reaction rate so that tmax was shortened to 42 s and t95 was reduced to 

66�s, while the enthalpy was slightly increased to 96.8�J�g⁻¹. The most effective results were 

obtained at 3 mol%, with the shortest tmax of 38 s, the lowest t95 of 62�s, and a moderate 

increase in polymerization enthalpy (108.3�J�g⁻¹) compared to the system containing 2�mol% 

co-initiator, indicating faster and more complete polymerization. These results suggest that 

3�mol% N-acetylcaprolactam offer the most favorable balance between reaction speed and 

monomer conversion under the tested conditions, showing a trend in which increasing 
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co-initiator concentration enhances both the rate and extent of polymerization. However, the 

differences between using 2 mol% and 3 mol% co-initiator are rather small, with the 3 mol% 

variant offering a slight advantage in overall reactivity.�

3.3 Gravimetric analysis

In addition to the previously described analytical techniques, gravimetric analysis was also 

performed as a complementary method to determine monomer conversion. After the 

photopolymerization reaction was completed, the conversion was determined gravimetrically 

by dissolving the cured samples in formic acid and precipitating in cold ethanol under vigorous 

stirring and centrifugation, followed by prolonged standing. Finally, the polymer precipitate 

was separated, washed with more cold ethanol, and dried to constant weight in a drying oven. 

The results presented in Figure 29 showed a good agreement between the conversion data 

obtained by gravimetry and conversion data using 1H-NMR analysis.�

�
Figure�29:�Comparison�of�monomer�conversion�at�different�temperatures�calculated�by�gravimetric�and�NMR�analysis�

The gravimetric analysis provided conversion values that closely matched those obtained from 

the corresponding ¹H-NMR measurements, confirming the consistency of both analytical 

methods. As shown in Figure 29, a clear trend of increasing monomer conversion with 

temperature is observed in both datasets. The     small differences between the two approaches 

are within an acceptable range and probably arise from experimental variability. In general, 

the results show good agreement and they support the conclusion that higher temperatures 

lead to higher efficiency of the photoinitiated ring-opening polymerization of     2-azetidinone.�
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4. Reactivity Study of 2-Azetidinone Derivatives

Since 2-azetidinone comes with the drawback of being solid at room temperature, which limits 

its practical applicability in certain processes such as 3D printing, this part of the diploma thesis 

focused on finding liquid 2-azetidinone derivatives and investigating their reactivity with the 

photo base WPBG-266 – the most effective photoinitiator among the three tested so far. With 

this in mind, we aimed to synthesize two liquid 2-azetidinone derivatives differing in the 

substituent attached to the nitrogen atom, a position believed to be essential for the initiation 

of the polymerization reaction (Figure 30).63�

One of the target compounds was therefore an N-substituted 2-azetidinone derivative, in 

which the hydrogen atom at the nitrogen position was replaced by a preferably small 

substituent (e.g., an alkyl or aryl group). A review of the literature revealed several 

2-azetidinone derivatives suitable for this purpose. Among them, 

1-benzyl-4-methyl-2-azetidinone was initially selected due to a well-described synthetic route 

that afforded the product in high yield, along with available data on its appearance and various 

analytical properties.126 However, the synthesis of this compound was not successful. As an 

alternative, 1-benzyl-2-azetidinone was synthesized as a representative of N-substituted 

2-azetidinone derivatives, and its reactivity with WPBG-266 was subsequently evaluated.�

The second target compound was an N-unsubstituted 2-azetidinone derivative. During the 

literature research and compound selection process, attention was primarily directed toward 

methyl-substituted 2-azetidinone derivatives due to their structural similarity to the previously 

studied 2-azetidinone. Consequently, attempts were made to synthesize either 4-methyl- or 

3-methyl-2-azetidinone. While the synthesis of 4-methyl-2-azetidinone was unsuccessful, 

3-methyl-2-azetidinone was successfully obtained.�

�

Figure�30:�Structures�of�liquid�N-substituted�(1-benzyl-2-azetidinone)�and�N-unsubstituted�(3-methyl-2-azetidinone)�
2-azetidinone�derivatives�chosen�for�the�reactivity�investigation�with�WPBG-266�
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4.1 N-Substituted 2-Azetidinone Derivative

For the synthesis of N-substituted 2-azetidinone derivative, two synthetic procedures were 

attempted according to Kanwar and Sharma,126 as represented in Scheme 18 and Scheme 19, 

and Fang et al. as depicted in Scheme 20 and Scheme 20.127�

4.1.1 Synthesis of 1-Benzyl-4-Methyl-2-Azetidinone�

4.1.1.1 Synthesis of 3-Benzylaminobutyric acid�

�
Scheme�18:�Synthetic�route�to�3-benzylaminobutyric�acid�(3)�

3-Benzylaminobutyric�acid�(3) was synthesized following the procedure previously described 

by Dzygiel et al.128 In this step, benzylamine (1) was reacted with crotonic acid (2) in dry 

pyridine under an argon atmosphere at 120�°C. Upon cooling, the reaction mixture yielded a 

crystalline white β-amino acid (3), which was isolated by filtration and washed with acetone. �

4.1.1.2 Synthesis of 1-Benzyl-4-Methyl-2-Azetidinone�

�

Scheme�19:�Synthetic�route�1-benzyl-4-methyl-2-azetidinone�(5)�

For the second step of the reaction, a novel protocol for the cyclisation of β-amino acids 

reported by Kanwar and Sharma was employed.126 In their study, 

(chloromethylene)dimethylammonium chloride (4) was introduced as an effective reagent 

that conveniently and efficiently mediates the amide bond formation in β-lactams via 

cyclodehydration of β-amino acids leading to β-lactam formation under mild reaction 

conditions. Following their procedure, a suspension of compound 3�(1�equiv.) in dry 

tetrahydrofuran was cooled to 0�°C, after which reagent 4�(6.45�equiv.) was added gradually 

over 30�min under stirring. Subsequently, triethylamine�(2.1�equiv.) in dry tetrahydrofuran was 

added dropwise, and the reaction mixture was stirred overnight at room temperature. The 
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reaction control was performed with 1H-NMR and UPLC-MS. These measurements have shown 

that the reaction was unsuccessful. Unfortunately, this synthetic route resulted in the 

formation of the compound shown below, instead of the desired monomer.�

�

�

The authors further explored the effect of solvent on cyclization success, identifying 

dichloromethane, tetrahydrofuran, and acetonitrile as the most favorable solvents.126 For this 

reason, the reaction was repeated under the same conditions with dichloromethane and 

acetonitrile replacing tetrahydrofuran as the solvents. Nevertheless, in both cases, the 

reaction resulted in the previously observed outcome, thus no solvent effect on selectivity or 

efficiency of the ring formation could be observed under these     conditions.�

4.1.2 Synthesis of 1-Benzyl-2-Azetidinone�

4.1.2.1 Synthesis of N-Benzyl-3-Bromopropionamide�

�
Scheme�20:�Synthetic�route�to�N-benzyl-3-bromopropionamide�(7)�

The first reaction step was performed according to a procedure published by Więckowska et 

al.26 In this step, a solution of benzylamine (1) in dichloromethane, precooled to 0–5�°C, was 

treated dropwise with a solution of 3-bromopropanoyl chloride (6) in the same solvent. The 

reaction mixture was then allowed to warm to room temperature and stirred for 24�h. After 

one day, extraction was performed to give white crystalline N-benzyl-3-bromopropionamide 

(7) in 52�% yield.�

�
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4.1.2.2 Synthesis of 1-Benzyl-2-Azetidinone�

�

Scheme�21:�Synthetic�route�to�1-benzyl-2-azetidinone�(8)�

In the second step, the cyclization to the corresponding β-lactam was performed following the 

procedure reported by Fang et al.127 Specifically, 1�eq. of 7 was dissolved in dimethylformamide 

and cooled to 0 °C, after which sodium tert-butoxide (1.1 eq.) was added in a single portion. 

The reaction mixture was then gradually warmed to room temperature and stirred for 24�h, 

after which it was intentionally stopped before the standard longer reaction time, as sufficient 

product had already formed for further analysis. 1H-NMR analysis confirmed the formation of 

the desired β-lactam (8). The crude product was purified by extraction and recrystallization, 

yielding the final compound as a slightly yellow liquid in 44�% yield. �

4.1.3 Photo-DSC Study of 1-Benzyl-2-Azetidinone�

A photo-DSC study of 1-benzyl-2-azetidinone was performed in the presence of 2 mol% 

WPBG-266 and 2 mol% N-acetylcaprolactam, which served as a co-initiator.102 To enhance the 

efficiency of the photoreaction, 0.02 mol% DBA was added as a sensitizer,108–111 promoting 

rapid and complete conversion during the photocleavage of the ketoprofen anion. The samples 

were irradiated for 300�s with 80�mW�cm-2 (320�-�500�nm light source) and the temperature 

was set to 70�°C.�

�
Figure�31:��Photo-DSC�of�1-benzyl-2-azetidinone�with�WPBG-266�at�70�°C�

-0.1

0

0.1

0.2

0.3

0.4

0 50 100 150 200 250

He
at
�F
lo
w
�[m

w
/m

g]

Time�[s]



54�
�

As shown in Figure 31, the photo-DSC analysis exhibited only a weak exothermic response, 

with a total heat release of only 8.5�J�g⁻¹. Although the exothermic peak was reached rapidly 

at 19�s, indicating that the reaction itself proceeded fast, the overall low heat evolution 

suggests that ring-opening polymerization of 1-benzyl-2-azetidinone was largely ineffective 

under the applied conditions. This behavior can be explained by the ROP mechanism of 

lactams. Anionic ROP typically proceeds via nucleophilic attack on the carbonyl carbon of the 

amide group, a step strongly favored in unsubstituted 2-azetidinones due to their high ring 

strain and the accessibility of the lactam anion intermediate. However, N-substitution radically 

changes this pathway. A benzyl substituent on the nitrogen atom prevents the formation of a 

stable lactam anion, thus anionic ROP becomes thermodynamically and kinetically 

unfavorable. In addition, N-substituents like benzyl groups cause steric hindrance and alter the 

electronic environment around the amide bond. As a result, the resonance destabilization that 

is required to facilitate ring-opening is significantly reduced and the carbonyl carbon becomes 

much less susceptible to nucleophilic     attack. Therefore, the weak exothermic response 

observed in the photo-DSC is not surprising. The poor reactivity is a direct consequence of the 

N-substitution, and the low polymerization efficiency under the applied conditions is, in fact, 

not surprising.63,129�

After the photo-DSC measurements, the cured samples were directly used for further 

investigation via gel permeations chromatography. Therefore, the samples were dissolved in 

corresponding amount of THF-solution spiked with 0.5�mg mL-1 butylhydroxytoluene (BHT) to 

achieve 2-4 mg�mL-1 solutions. The GPC results revealed a molecular weight of only 489�Da. 

Since the molecular weight of the monomer, 1-benzyl-2-azetidinone, is 161.2 g�mol-1, the 

detected mass corresponds to merely two to three repeating units, most likely a dimer, or at 

best a low oligomer. Therefore, the GPC analysis was in agreement with the photo-DSC 

observations, further confirming that effective ring-opening polymerization did not occur 

under the applied conditions.�

�

�
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4.2 N-Unsubstituted 2-Azetidinone Derivative

Multiple synthesis attempts were performed to synthesize N-unsubstituted 2-azetidinone 

derivative.�

4.2.1 Synthesis of 4-Methyl-2-Azetidinone�

Mukaiyama reagent (2-chloro-1-methylpyridinium iodide, CMPI), which was introduced by 

Teruaki Mukaiyama back in 1975, has been acknowledged as a highly efficient and convenient 

reagent for the activation of hydroxyl groups in carboxylic acids.130,131 This reagent has been 

extensively utilized in the syntheses of lactones,132 esters,131 amides,133 and lactams.131 In one 

of the studies, Huang et al. developed a practical and efficient approach for the preparation of 

various β-lactams from the corresponding β-amino acids, using CMPI as a condensing 

reagent.131 The method offers several notable advantages, including easy handling, shorter 

reaction times, broad substrate scope and high product yields under mild, one-pot conditions. 

Encouraged by these findings and the efficiency of the method developed by Huang et al.,131 

we followed their approach for the synthesis of methyl-substituted 2-azetidinone derivative. 

Therefore, 3-aminobutyric acid (9) was selected as a suitable β-amino acid precursor in our 

initial approach, with the aim of synthesizing 4-methyl-2-azetidinone (11), as depicted in 

Scheme 22.�

�
Scheme�22:�Synthetic�route�to�4-methyl-2-azetidinone�(11)�

The     synthesis involved refluxing 3-aminobutyric acid (9) in a solution of CMPI (10) and 

triethylamine in acetonitrile under an argon atmosphere. Unfortunately, after solvent 

evaporation and drying of the residue, UPLC-MS analysis revealed that the reaction had not 

gone through the intramolecular nucleophilic attack of the amino group to the activated 

carboxylic acid moiety, which is the crucial step for β-lactam ring formation. Instead, the 

reaction seemed to have stopped at the intermediate stage, as shown below.�
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Based on the above-mentioned results, we decided to change the initially used β-amino acid 

with 3-amino-2-methylpropanoic acid (12) (Scheme 23). The reason for such a modification 

was the assumption that the altered reactivity of 3-amino-2-methylpropanoic acid (12) could 

lead to the formation of an alternative methyl-substituted 2-azetidinone derivative. In 

particular, we aimed to find out if 3-methyl-2-azetidinone (13) could be synthesized under the 

same reaction     conditions.�

4.2.2 Synthesis of 3-Methyl-2-Azetidinone�

For the synthesis of 3-methyl-2-azetidinone (13), three different synthetic procedures were 

attempted, as shown below. �

1st Attempt�

As previously mentioned, the first attempt to synthesize 3-methyl-2-azetidinone (13) was 

carried out following the method of Huang et al.,131 analogous to the procedure described in 

the previous chapter, with the only difference being the use of 3-amino-2-methylpropionic 

acid (12) instead of 3-aminobutyric acid (9). However, the reaction was unsuccessful, yielding 

the same product as obtained in the attempt using 3-aminobutyric acid (9).�

�
Scheme�23:�First�attempt�towards�the�synthesis�of�3-methyl-2-azetidinone�(13)�

2nd Attempt�

In this attempt, 3-methyl-2-azetidinone (13) was synthesized as reported by Murayama et al.134 

Following the synthetic procedure, a suspension of 3-amino-2-methylpropanoic acid (12) and 

N-cyclohexyl-2-benzothiazolylsulfenamide (14) in acetonitrile was stirred with 

triphenylphosphine at 80°C. After the solvent was removed, the desired product was obtained 
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as а slightly yellow liquid in 29�% yield. The structure of the product was confirmed by 1H-NMR 

spectroscopy.�

�
Scheme�24:�Second�attempt�towards�the�synthesis�of�3-methyl-2-azetidinone�(13)�

3rd Attempt�

Due to the low yield obtained in the previous synthetic route, another procedure (Scheme 25) 

was attempted, based on the method reported by Loewe et al.135 In this attempt, 

3-amino-2-methylpropanoic acid (12) was added to a solution of methanesulfonyl chloride in 

acetonitrile containing suspended NaHC03. The reaction was performed at 80�°C and for 24�h 

and the yield was enhanced from 29�% to 67�%. �

�

Scheme�25:�Third�attempt�towards�the�synthesis�of�3-methyl-2-azetidinone�(13)�

�

4.2.3 Photo-DSC Study of 3-Methyl-2-Azetidinone�

The�photo-DSC�measurements�of�3-methyl-2-azetidinone�were�conducted�using�a�formulation�

containing�2�mol%�WPBG-266,�along�with�2�mol%�N-acetylcaprolactam�as�a�co-initiator,102�and�

0.02�mol%�DBA�as�a�sensitizer.108–111�The�measurements�were�conducted�at�temperature�of�

70�°C,�with�the�samples�being�irradiated�for�300�s�using a light intensity of 80 mW cm⁻².�The�

thermal�response�of�the�samples�during�photoinduced�polymerization�was�recorded�and�the�

results�are�presented�in�Figure 32.�
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Figure�32:�Photo-DSC�analysis�of�3-methyl-2-azetidinone�cured�with�2�mol%�WPBG-266�at�70�°C�compared�to�the�photo-DSC�
results�obtained�for�1-benzyl-2-azetidinone�cured�under�the�same�conditions�

�

The� overall� shape� of� the� recorded� DSC� curve� of� 3-methyl-2-azetidinone� suggests� that,�
although� the� system� exhibits� a� brief� delay� at� the� start� of� irradiation,� the� polymerization�

reaction�proceeds�efficiently�and�reliably�once�initiated�(Figure 32).�

An interesting feature of the DSC curve of�3-methyl-2-azetidinone�shown in Figure 32 is the 

initial downward deviation into the negative region before the characteristic exothermic 

polymerization peak appears. This initial negative signal may correspond to system 

equilibration or a minor thermal artifact before the actual polymerization begins. Thus, one 

possible explanation is the thermal equilibration of the sample and its components within the 

DSC crucible, which may cause transient baseline shifts, especially at elevated 

temperatures.136 Additionally, the observed endothermic dip may result from non-radiative 

relaxation processes of the sensitizer DBA. Sensitizers like DBA can absorb photon energy and 

dissipate it as heat or via intersystem crossing to a triplet state before efficiently transferring 

energy to the photoinitiator system. This energy loss may briefly suppress exothermic heat 

flow during the induction phase.137 Moreover, the delay in the onset of exothermic activity 

suggests the presence of an induction period required for the generation of reactive species 

through the multi-component initiation system. In systems involving electron or energy 

transfer between sensitizer, co-initiator, and photoinitiator, such induction periods are often 

necessary to establish a sufficient concentration of reactive species to initiate polymerization 

effectively.138,139�
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The obtained data demonstrate a total released energy of 89.2�J g⁻¹, indicating that the 

photopolymerization proceeds efficiently under the applied experimental conditions. The 

reaction reached its maximum rate after 108�s, reflecting a relatively fast initiation phase 

despite not being immediate. Altogether, these results clearly confirm the relatively good 

reactivity and efficacy of the investigated formulation.�

4.2.4 Optimizing the Model System�

Given that the preliminary experiments showed promising results, where WPBG-266 showed 

a potential as a photoinitiator for the ring-opening polymerization of 3-methyl-2-azetidinone, 

further attempts were made to optimize the reaction parameters for this process. As in the 

case of 2-azetidinone, key reaction parameters were varied, including temperature, PBG 

concentration, as well as the concentration of the co-initiator, with the aim of identifying the 

most suitable conditions for efficient polymerization. All trials were performed in triplicate 

using a photo-DSC device equipped with a 320–500 nm light source. In each experiment, the 

samples were exposed to light for 300�s at an intensity of 80 mW�cm-², in accordance with the 

procedure outlined at the beginning of the Results and Discussion section.�

4.2.4.1 Temperature Screening�

The following screening experiments demonstrate the impact of the temperature on the 

PBG-mediated ROP reaction of 3-methyl-2-azetidinone. The experiments employed an 

equimolar mixture of WPBG-266 and N-acetylcaprolactam (2�mol%). The samples were 

irradiated for 300�s under an irradiation intensity of 80 mW cm⁻². Materials obtained from the 

photo-DSC analysis were additionally dissolved in formic acid and analyzed using NMR to 

provide information about the monomer conversion.�
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�

Figure�33:�Temperature�screening�results�for�ROP�of�3-methyl-2-azetidinone�cured�with�WPBG-266�

The results in Figure 33 and Table 5 demonstrate a trend, confirming the influence of thermal 

activation on the efficiency of the photoinitiated ROP process of 3-methyl-2-azetidinone when 

using WPBG-266 as a photoinitiator.�

Table�5:�Summary�of�results�for�ROP�of�3-methyl-2-azetidinone�cured�with�WPBG-266�at�different�temperatures�

T�[℃℃]�� Area�[J�g-1]� tmax�[s]� t95�[s]� Rp�[mmol�L-1�s–1]� Conversion�[%]�
50� 14.5� 94� 157� -� -�
70� 89.2� 108� 175� 17.2� 27�
80� 101.6� 92� 170� 21.7� 31�
90� 105.2� 77� 167� 22.5� 33�
100� 110.1� 74� 157� 30.8� 37�

�

A very weak exothermic response was observed at 50�°C, with a total heat release of only 

14.5�J g⁻¹. This temperature marked the lowest point at which any exothermic behavior could 

be detected. However, the low heat release suggests that the extent of polymerization at this 

temperature was minimal. As the temperature increased, a clear trend emerged. The 

exothermic response became significantly more pronounced, and the total heat released 

increased steadily. The area under the exothermic curve rose sharply to 89.2 J g⁻¹ at 70 °C, and 

further increases in temperature to 80�°C, 90�°C, and 100�°C led to slight, but consistent 

improvements in both heat release and conversion. tmax values showed an inverse trend – 

decreasing from 108�s at 70 °C to 74�s at 100�°C – indicating that the reaction rate accelerated 

at higher temperatures. Additionally, the time to reach 95% of the total heat release slightly 

decreased, suggesting a more efficient and complete reaction process. Moreover, the rate of 

polymerization Rp was calculated using the theoretical polymerization enthalpy for methyl 
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derivatives of 2-azetidinone (~�80�kJ�mol-1) and applying Equation 1 presented in Materials and 

Methods chapter, showing an increase with increasing temperature.123,124 Overall, the results 

revealed that temperature is an important parameter for promoting effective ROP in this 

model system. While 50 °C was the lowest temperature at which polymerization initiated, the 

polymerization efficiency and conversion were substantially improved at elevated 

temperatures, with 100 °C yielding the highest conversion and most pronounced exothermic 

response.�

4.2.4.2 PBG Concentration Screening�

With the aim to further refine the reaction conditions, the concentration of the WPBG-266 

was varied between 1 and 3�mol% to evaluate its influence on the ring-opening polymerization 

of 3-methyl-2-azetidinone. The procedure was performed analogously to that used for 

2-azetidinone. All reactions were carried out at 70°C using an equimolar mixture of WPBG-266 

and N-acetylcaprolactam (ranging between 1 and 3 mol%). As the available amount of formic 

acid was insufficient to prepare all samples for NMR characterization, conversion analysis was 

performed exclusively for the temperature screening, and was not carried out for the 

co-initiator screening experiments.�

�

Figure�34:�PBG�concentration�screening�results�for�ROP�of�3-methyl-2-azetidinone,�each�in�an�equimolar�mixture�with�
N-acetylcaprolactam�as�co-initiator�
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Table�6:�Summary�of�results�for�ROP�of�3-methyl-2-azetidinone�cured�with�different�concentrations�of�WPBG-266�and�
N-acetylcaprolactam�

Concentration�[mol%]� Area�[J�g-1]� tmax�[s]� t95�[s]�
1� 112.3� 88� 228�
2� 116.1� 83� 167�
3� 166.8� 85� 168�

The model system containing 1�mol% WPBG-2666 and 1�mol% N-acetylcaprolactam already 

exhibited a solid exothermic response, with a total heat release of 112.3 J g⁻¹. However, the 

reaction progressed relatively slowly, as reflected by prolonged t95 of 228�s. Increasing the 

initiator and co-initiator concentration to 2�mol% resulted in a slight increase in heat release 

(116.1�J g⁻¹), but more importantly, the reaction proceeded faster – tmax decreased to 83�s and 

t95 shortened considerably to 167�s. The most pronounced effect was observed at 3�mol%, 

where the exothermic area increased markedly to 166.8�J�g⁻¹, indicating more efficient 

polymerization. The reaction remained fast, with tmax and t95 values of 85�s and 168�s 

respectively, similar to those at 2 mol%, but with notably improved polymerization efficiency.�

In     general, these findings indicate that increasing the concentration of WPBG-266 significantly 

enhances the reaction rate as well as the extent of polymerization. 3 mol% WPBG-266 seems 

to be the most effective concentration among the tested conditions, effectively balancing 

initiation efficiency and polymer     growth. This concentration may thus serve as a reliable 

baseline for further optimization in future studies.�

4.2.4.3 Co-Initiator Concentration Screening�

To evaluate the influence of co-initiator concentration on the ring-opening polymerization of 

3-methyl-2-azetidinone, the amount of N-acetylcaprolactam was varied from 1 to 3�mol%, 

while maintaining the concentration of WPBG-266 constant at 3�mol%. All experiments were 

carried out at 70�°C under a light intensity of 80�mW�cm⁻². Per formulation, triplicates were 

measured and one exemplary photo-DSC plot is depicted in Figure 35. Due to the insufficient 

amount of formic acid available for dissolving the obtained polymers prior to NMR 

characterization, conversion values were determined only in the temperature screening, and 

therefore were not obtained for this set of experiments.�

�
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�

Figure�35:�Co-initiator�concentration�screening�results�for�ROP�of�3-methyl-2-azetidinone�cured�with�3�mol%�WPBG-266��

The exothermic area of the model system containing 1�mol% N-acetylcaprolactam was 

relatively low and the reaction proceeded slowly. Increasing the co-initiator concentration to 

2�mol% significantly enhanced the reaction, achieving a much higher heat release of 

147.9�J g⁻¹, along with faster kinetics with tmax = 112 s and t95 = 198 s. A further increase to 

3�mol% led to an additional rise in the exothermic area, where the total heat release peaked 

at 166.8 J g⁻¹, and a more pronounced acceleration of the reaction, with tmax reduced to 85�s 

and t95 to 168 s. Table 7 summarizes the results of the analysis.�

Table�7:�Summary�of�results�for�ROP�of�3-methyl-2-azetidinone�cured�with�WPBG-266�and�different�concentrations�of�
N-acetylcaprolactam�

Concentration�[mol%]� Area�[J�g-1]� tmax�[s]� t95�[s]�
1� 98.6� 120� 206�
2� 147.9� 112� 198�
3� 166.8� 85� 168�

Overall, these results indicate that higher concentrations of N-acetylcaprolactam facilitate a 

more efficient ROP process of 3-methyl-2-azetidinone. While both 2 and 3�mol% show 

considerable improvements over 1�mol%, the results suggest that 3 mol% provides the optimal 

balance of high conversion and rapid reaction kinetics under the studied conditions.�
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4.2.5 Gravimetric Analysis�

In�order�to�determine�the�monomer�conversion,�gravimetric�analysis�was�performed�and�the�

results� were� compared� with� those� obtained� by� NMR� spectroscopy.� After� the�

photopolymerization�reaction�was�completed,� cured�samples�were�dissolved� in�formic�acid�

and� subsequently� precipitated� in� cold� ethanol� under� vigorous� stirring,� followed� by�

centrifugation.�The�precipitate�was�then�separated,�washed�with�cold�ethanol,�and�dried�to�

constant�weight�in�a�drying�oven.�The�conversion�values�obtained�through�gravimetric�analysis�

were found to be in good agreement with those determined by ¹H NMR analysis.�

�

Figure�36:�Comparison�of�monomer�conversion�at�different�temperatures�calculated�by�gravimetric�and�NMR�analysis�

The�monomer�conversion�values�determined�by�gravimetric�analysis�and�NMR�spectroscopy�

at�various�temperatures�revealed�a�consistent�trend�of�increasing�monomer�conversion�with�

rising� temperature� (Figure� 36).� The� reason� for� such� behavior� is� most� likely� due� to� better�

thermal�activation�that�helps�the�release�of�basic�species�from�the�photobase�generator�and�

also�enhances�monomer�diffusion�in�the�reaction�medium.�Moreover,�the�results�obtained�by�

both� analytical� methods� are� in� strong� agreement� across� all� tested� temperatures,� with�

deviations�not�exceeding�3�%.�Therefore,�this�consistency�supports�the�overall�validity�of�the�

experimental�findings.�

� �

20

25

30

35

40

70 80 90 100

Co
nv

er
sio

n�
(%

)

Temperature�(℃)

Gravimetry

NMR



65�
�

EExxppeerriimmeennttaall  PPaarrtt
�

1. Reactivity Study of ε-Caprolactone

1.1 Photobase Screening

Three formulations were prepared, each composed of PBG (either WPBG-266, WPBG-300, or 

TP) combined with a co-initiator (benzyl alcohol or N-acetylcaprolactam) in an equimolar ratio, 

along with 0.02 mol% of either DBA or ITX as a photosensitizer. A completely homogenous 

solution was produced using a Vortex mixer and/or an ultrasonic bath. Photo-DSC analyses 

were carried out in triplicates using a Photo-DSC 204 F1 equipped with an autosampler from 

Netzsch. Measurements were performed under a nitrogen atmosphere at temperatures of 25, 

50, 70, 90, and 120 °C. For each measurement, 12 ± 2 mg of the respective formulation was 

weighed into a 25 µL aluminum crucible, sealed with a glass lid and exposed twice to filtered 

UV-light (320–500 nm) from an Exfo Omnicure 2000 Spot Curing System with a 200 W Hg lamp, 

maintaining a constant nitrogen flow of 20�mL�min-1. The     light intensity at the sample surface 

was adjusted to 80�mW�cm−2, which is equivalent to 2�W�cm−2 at the tip of the light guide. Each 

sample was subjected to a 4-minute isothermal conditioning phase at the respective 

measurement temperature prior to irradiation. Data from the experiments were obtained by 

using Netzsch Proteus Thermal Analysis software, version 8.0.1. �

After the photo-DSC analysis, the polymerized samples were analyzed via 1H-NMR and GPC 

analysis. For NMR analysis, the samples were dissolved in CDCl₃, and the resulting spectra were 

processed using software MestreNova. For the GPC analysis, the samples in the aluminum 

crucibles were dissolved in THF containing 0.5�mg�mL-1�BHT as a flow marker. The resulting 

solutions were filtered through syringe filters and transferred into GPC vials for measurement.�

1.2 Cationic Reference Systems based on Photoacid Initiation

CROP reactions were performed following the general procedure, employing an equimolar 

mixture of the respective PAG (I-Al or S-B) and benzyl alcohol as the co-initiator. All reactions 

were conducted in triplets on a photo-DSC device coupled with a light source emitting in the 

320-500�nm range. For both systems, the reaction temperature was varied between 25, 50, 

70, 90, and 120 °C. The samples were irradiated for 300�s with an intensity of 80�mW�cm-2.�
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Additionally, the cured samples were dissolved in either THF or CDCl₃ and prepared for further 

characterization using GPC and ¹H-NMR analysis. To this end, the reactions were quenched 

with 0.3 wt% pyridine.�

2. Reactivity Study of ε-Caprolactam

2.1 Photobase Screening

Three previously described PBGs were used for the photo base screening. Accordingly, three 

formulations – each consisting of a PBG and a co-initiator (benzyl alcohol or 

N-acetylcaprolactam) in an equimolar ratio, as well as 0.02 mol% of either DBA or ITX as a 

photosensitizer – were irradiated at a constant temperature of 100 °C with a light intensity of 

80 mW cm⁻², following the general procedure described in the Materials and Methods section.�

2.2 ATR-FTIR Characterization

To obtain more detailed information and gain deeper insight into the efficiency of the AROP 

reactions of ε-caprolactam, ATR-IR measurements were carried out. FTIR spectra were 

recorded for the ε-caprolactam monomer, poly-ε-caprolactam, and after the photo-DSC 

measurements. ATR-FTIR measurements of the monomer, polymer and cured samples were 

performed in ATR mode using a PerkinElmer Spectrum 65 FT-IR Spectrometer equipped with 

a Specac MKII Golden Gate Single Reflection ATR System. Spectral data from the experiments 

were processed by using PerkinElmer Spectrum software in version 10.03.07.0112. The spectra 

were recorded in the wavenumber range of 4000 –1000 cm-1.�

3. Reactivity Study of 2-Azetidinone 

3.1 Photobase Screening

Two formulations were prepared, each containing 2 mol% of either WPBG-266 or WPBG-300 

in an equimolar ratio with a co-initiator (benzyl alcohol or N-acetylcaprolactam), and 

0.02�mol% of DBA or ITX as a photosensitizer. Photopolymerization was initiated using a 

broadband UV/Vis light source (320–500 nm) with an intensity of 80 mW�cm⁻². The samples 

were irradiated for 300�s and the measurements were conducted at 80 °C.�

�
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Following the photo-DSC analysis, the cured samples were subjected to DLS analysis. The 

samples were dissolved in hexafluoro isopropanol to a concentration of 1 mg mL-1 and filtered 

through syringe filters before being transferred into glass cuvettes. DLS measurements were 

conducted at 25 °C, with the scattering angle set to 90° relative to the incident beam.�

3.2 Optimizing the Model System

3.2.1 Temperature Screening�

AROP reactions were carried out following the general procedure outlined in the Materials and 

Methods section, using an equimolar ratio of WPBG-266 and N-acetylcaprolactam, with 0.02 

mol% of ITX as the photosensitizer. Experiments were conducted at temperatures of 70, 80, 

90, and 100 °C and the samples were irradiated for 300�s using a light source with an intensity 

of 80 mW�cm⁻².�

3.2.2 PBG Concentration Screening�

AROP reactions were investigated in accordance with the general procedure described in the 

Materials and Methods section, while testing different concentrations of WPBG-266, i.e. 1, 2 

and 3�mol%. Equimolar mixtures of WPBG-266 and N-acetylcaprolactam were used for all 

measurements. All reactions were performed at 70 °C and the irradiation intensity was set at 

80 mW cm-2.�

3.2.3 Co-Initiator Concentration Screening�

AROP reactions were carried out in agreement with the general procedure described in the 

Materials and Methods section, using 3�mol% WPBG-266 whilst testing different 

N-acetylcaprolactam concentrations, i.e. 1, 2 and 3 mol%. The reaction temperature was kept 

constant at 70 °C and the irradiation intensity of the light source was set at 80 mW�cm-2.�

3.3 Gravimetric analysis

After completion of the reaction, the cured samples described in Section 3.2.1 were dissolved 

in formic acid and precipitated in cold ethanol under vigorous stirring. The     precipitate was 

separated out by centrifugation and was left to stand for an extended period. The polymer was 

subsequently isolated, washed with an additional portion of cold ethanol, and dried in a drying 

oven to a constant     weight.�
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4. Reactivity Study of 2-Azetidinone Derivatives

4.1 N-Substituted 2-Azetidinone Derivative

4.1.2 Synthesis of 1-Benzyl-2-Azetidinone�

4.1.2.1 Synthesis of N-Benzyl-3-Bromopropionamide�

�

The first reaction step was the synthesis of N-benzyl-3-bromopropionamide, which was 

performed according to a procedure published by Więckowska et al.140 In a three-necked 

round-bottom flask set under an argon atmosphere, benzylamine (1�equiv., 21�mmol, 2.22�g) 

was dissolved in 165�mL of DCM and cooled to 0−5�°C. In a separate dropping funnel set under 

an argon atmosphere, 3-bromopropanoyl chloride (1.15�equiv., 24�mmol, 4.08�g) was 

dissolved in 80�mL of DCM and added dropwise to the stirring solution of benzylamine while 

maintaining the temperature at 0−5�°C.  After complete addition, the stirring of the reaction 

mixture continued for 24�h at room temperature. Afterwards, the reaction mixture was cooled 

again to 0−5�°C, followed by the addition of 100�mL of a saturated solution of NaHCO3. The 

organic layer was separated and further washed with saturated NaHCO3 solution (2×100�mL), 

and then dried over Na2SO4. The drying agent was filtered off, and the solvent was evaporated 

under reduced pressure. The crude product was purified by column chromatography 

(PE:EE=1:3). The purified intermediate was obtained as white crystals with 52�% of the theory 

(18.2�g) and was used for the next synthesis step.�

Yield: 18.2�g (52�% of the theory)�

Appearance: white crystals�

Melting point: 101.8−103.3�°C�
1H-NMR δ (ppm, 400 MHz, CDCl3): 7.26−7.37 (m, 5H), 5.81 (s, 1H), 4.52 (d, 2H), 3.66 (t, 2H), 

2.80�(t,�2H).�

UPLC-MS: [M+1] 243�

NMR data were in accordance with literature.140�

�
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4.1.2.2 Synthesis of 1-Benzyl-2-Azetidinone�

�

The second reaction step was conducted according to Fang et al.127 In a three-necked 

round-bottom flask set under an argon atmosphere using a Schlenk technique, the 

intermediate N-benzyl-3-bromopropanamide (1�equiv., 62�mmol, 15.11�g,) was dissolved in 

50�mL DMF and cooled to 0�°C. After cooling down to 0�°C, sodium tert-butoxide (1.1�equiv., 

68�mmol, 6.55�g) was added in one portion, and the suspension was allowed to warm up to 

room temperature gradually. After 24�h, 30�mL H2O were added to quench the reaction. At 

last, the reaction mixture was washed with ethyl acetate (2x50�mL). The organic phases were 

combined and the solvent was evaporated under reduced pressure. The crude product was 

purified by extraction using 1:1 mixture of petroleum ether and ethyl acetate. The purified 

product was obtained as а slightly yellow liquid with 44�% of the theory (4.3�g). �

Yield: 4.3�g (44�% of the theory)�

Appearance: pale yellow liquid�
1H-NMR δ (ppm, 400 MHz, CDCl3): 7.37−7.20 (m, 5H), 4.38 (s, 2H), 3.12 (t, 2H), 2.94 (t, 2H).� �

UPLC-MS: [M+1] 162.20�

NMR data were in accordance with literature.127�

� �
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4.1.3 Photo-DSC Study of 1-Benzyl-2-Azetidinone�

A formulation containing 2 mol% WPBG 266, 2 mol% N-acetylcaprolactam, and 0.02 mol% DBA 

was prepared. The mixture was thoroughly homogenized using a vortex mixer and an 

ultrasonic bath. The samples were then exposed to irradiation for 300�s under an intensity of 

80�mW�cm⁻² using a light source operating in the 320–500 nm range. All measurements were 

conducted under a nitrogen atmosphere at 70 °C.�

4.2 N-Unsubstituted 2-Azetidinone Derivative

4.2.2 Synthesis of 3-Methyl-2-Azetidinone�

2nd Attempt �

�

The synthesis of 3-methyl-2-azetidinone was carried out following a procedure published by 

Murayama et al.134  In a three-necked round-bottom flask set under an argon atmosphere using 

a Schlenk technique, 3-amino-2-methylpropanoic acid (1�equiv., 8�mmol, 0.84�g) and 

N-cyclohexyl-2-benzothiazolylsulfenamide (1.1�equiv., 9�mmol, 2.26�g) were suspended in 

18�mL acetonitrile and stirred at 80�°C. In parallel, triphenylphosphine (1.1�equiv., 9�mmol, 

2.24�g) was dissolved in 2�mL toluene in a separate glass vial set under an argon atmosphere 

and added dropwise to the reaction mixture over a period of 20�min using a syringe. The 

reaction mixture was then stirred for 48�h at 80�°C. At least, the solvent was evaporated under 

reduced pressure, and the crude product was purified by column chromatography 

(DCM:EE=1:1). The purified product was obtained as а slightly yellow liquid with 29�% of the 

theory (0.2�g).��

Yield: 0.2�g (29�% of the theory)�

Appearance: pale yellow liquid�
1H-NMR δ (ppm, 400 MHz, CDCl3): 7.01-6.49 (s, 1H), 3.42 (m, 1H), 3.35-3.08 (m,1H), 2.97 (dd, 

1H), 1.33 (d, 3H).�
13C-NMR δ (ppm, 100 MHz, CDCl3): 172.76 (CO), 45.72 (CH2), 43.33 (CH), 13.34 (CH3).�

NMR data were in accordance with literature.141�
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3rd Attempt �

�

The synthesis of 3-methyl-2-azetidinone was adapted from an already reported procedure.135 

In a three-necked round-bottom flask set under an argon atmosphere using a Schlenk 

technique, NaHC03 (6�equiv., 21.2�mmol,�1.78�g) was suspended in 19.5�mL acetonitrile. The 

resulting suspension was heated to 80�°C.  Methanesulfonyl chloride (1.1�equiv., 3.9�mmol, 

0.44�g) was then added to the hot suspension using a syringe, and the reaction mixture was 

stirred vigorously at 80�°C for 24�h. At least, the fine suspension was cooled to 0�°C and filtered. 

The solvent was removed under reduced pressure, and the crude product was purified by 

column chromatography (PE:EE=1:5). The desired product was obtained as а slightly yellow 

liquid with 67�% of the theory (0.2�g).�

Yield: �0.2�g (67�% of the theory)�

Appearance: pale yellow liquid�
1H-NMR δ (ppm, 400 MHz, CDCl3): 7.01-6.49 (s, 1H), 3.42 (m, 1H), 3.35-3.08 (m,1H), 2.97 (dd, 

1H), 1.33 (d, 3H).�
13C-NMR δ (ppm, 100 MHz, CDCl3): 172.76 (CO), 45.72 (CH2), 43.33 (CH), 13.34 (CH3).�

NMR data were in accordance with literature.141�

� �
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4.2.3 Photo-DSC Study of 3-Methyl-2-Azetidinone�

Photo-DSC�analysis�of�3-methyl-2-azetidinone�was�performed�using�a�formulation�containing�

2�mol%�WPBG-266,� 2�mol%�N-acetylcaprolactam� as� the� co-initiator,� and� 0.02�mol%�DBA�

serving�as�the�sensitizer.�The�measurements�were�conducted�at�70�°C,�with�each�sample�being�

irradiated�for�300�s�under�a�light�intensity�of�80�mW�cm⁻².�

4.2.4 Optimizing the Model System�

4.2.4.1 Temperature Screening�

AROP reactions were performed according to the general procedure described in the Materials 

and Methods section. The experiments employed an equimolar mixture of WPBG-266 and 

N-acetylcaprolactam (2 mol%) as well as 0.02 mol% of ITX as the photosensitizer. The samples 

were irradiated for 300�s under an irradiation intensity of 80 mW cm⁻². Experiments were 

performed at temperatures of 50, 70, 80, 90, and 100 °C.�

4.2.4.2 PBG Concentration Screening�

AROP reactions were carried out following the general procedure described in the Materials 

and Methods section. All reactions were carried out at 70°C using different concentrations of 

WPBG-266, i.e. 1, 2 and 3 mol%. The irradiation intensity was set at 80 mW cm-2.�

4.2.4.3 Co-Initiator Concentration Screening�

AROP reactions were conducted in agreement with the general procedure described in the 

Materials and Methods section. The concentration of N-acetylcaprolactam was varied 

between 1 and 3 mol%, while the concentration of WPBG-266 was maintained at 3 mol%. All 

experiments were carried out at 70 °C under irradiation with a light intensity of 80 mW cm⁻².�

4.2.5 Gravimetric Analysis�

After completion of the reaction, the cured samples described in Section 4.2.3.1 were 

dissolved in formic acid and subsequently precipitated into cold ethanol under vigorous 

stirring. The resulting precipitate was collected by centrifugation and left to stand for a 

prolonged period. The obtained polymer was then isolated, washed with additional portions 

of cold ethanol, and dried in an oven to a constant weight.�
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Conclusion�

Photopolymerization has emerged as one of the most promising technologies for the advanced 

manufacturing of polymers. In general, radical photopolymerization has been greatly used in 

additive manufacturing, while the use of ionic photopolymerization is still underexplored. Over 

the last decades, however, there is a growing interest in ionic photopolymerization based on 

their resistance to oxygen inhibition, accurate control over polymer structure, and broader 

choice of monomers. A central element of any photopolymerization process is the photoactive 

compound, which absorbs light and forms reactive species to initiate polymerization, and thus 

determines the properties of the material. Among the recent developments in photoinitiators, 

photobase generators (PBGs) have attracted significant interest due to several advantages over 

conventional radical or acid-based initiators, such as oxygen insensitivity, monomer 

compatibility scope, reduced volumetric shrinkage in the cured material, and metal substrate 

corrosion prevention.�

In this work, the focus was placed on the anionically initiated, photobase-mediated 

ring-opening polymerization of cyclic monomers, including both cyclic esters and amides. 

Initially, commonly known cyclic esters and amides, which are shown in Figure 37, were 

examined to evaluate their temperature dependent reactivity. For this purpose, three 

photobase generators known from the literature were selected (Figure 37).�

�
Figure�37:�Chemical�structures�of�a)�cyclic�esters�and�amides�and�b)�photobase�generators�examined�in�PBG-mediated�AROP�

reactions�

�
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Compared to ε-caprolactam, which showed no successful polymerization with any of the 

tested photobase generators, ε-caprolactone revealed good results in PBG-mediated anionic 

ring-opening polymerization with all three photobases. Among them, WPBG-266 

outperformed the other two PBGs, demonstrating the highest efficiency. All three photobase 

systems revealed a very strong dependence on temperature, which pointed to the main 

importance of thermal activation in AROP of     ε-caprolactone. However, since the anionic 

approach did not provide improved results compared to PAG-mediated cationic ring-opening 

polymerization of ε-caprolactone, the focus of this work was subsequently shifted entirely to 

the more reactive lactam, 2-azetidinone, which demonstrated similarly good reactivity as 

ε-caprolactone.�

Although 2-azetidinone exhibited promising reactivity, its solid state at room temperature 

restricts its practical applicability in certain processes, such as 3D printing. To overcome this 

restriction, two liquid analogues which were structurally closely related to the parent 

compound were successfully synthesized (Figure 38). Their     reactivity in PBG-mediated AROP 

at different temperatures was systematically evaluated with WPBG-266, which had been 

shown the most efficient among the tested photoinitiators.�

 
Figure�38:�Chemical�structures�of�liquid�2-azetidinone�derivatives�examined�in�PBG-mediated�AROP�reactions �

The results obtained for 1-benzyl-2-azetidinone indicated poor polymerization performance: 

GPC analysis registered only low molecular weights, while photo-DSC measurements obtained 

only a very weak exothermic response, thus suggesting that ring-opening polymerization 

under the applied conditions was ineffective. In contrast, 3-methyl-2-azetidinone showed 

significantly higher reactivity, achieving efficient polymerization with slightly reduced 

performance compared to unsubstituted 2-azetidinone, yet still demonstrating relatively high 

efficiency.�

�
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Finally, optimization was performed on model systems employing either 2-azetidinone or 

3-methyl-2-azetidinone as monomers, with WPBG-266 as the photobase generator, and 

N-acetylcaprolactam as the co-initiator. The impact of temperature, PBG concentration, and 

co-initiator concentration was then assessed. In agreement with the conclusions obtained in 

Chapters 3 and 4, it was found that temperature is an important factor influencing the 

polymerization to the greatest extent. Performing the ROP reaction at elevated temperature 

(above 50�°C) was necessary for satisfactory product formation. Increasing     the concentrations 

of both WPBG-266 and the co-initiator to 3 mol% led to an overall reactivity enhancement. In 

both model systems, higher temperatures and increased concentrations of WPBG-266 and 

co-initiator resulted in higher polymerization efficiency, faster reaction rates and better overall 

curing performance.�

In summary, PBG-mediated anionic ring-opening polymerization of ε-caprolactone, 

2-azetidinone, and 3-methyl-2-azetidinone has been successfully shown in this research. 

Although the results do support the feasibility of this approach, they also emphasise the need 

for more thorough and extensive research. Nonetheless, the work presented in this thesis 

provides a foundation for future studies aimed at advancing the development and practical 

application of PBG-mediated polymerization systems.�

�

� �
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Materials and Methods�

Commercial chemicals: all commercially obtained chemicals were used as received without 

further purification, unless specified otherwise. Pure solvents were all obtained from Donau 

Chemie and dried with a PureSolvsystem (Inert, Amesbury, MA).�

Photo-DSC studies were conducted on a Photo-DSC 204 F1 equipped with an autosampler 

from Netzsch, using 25 μL aluminum crucibles and glass lids. An Exfo Omnicure 2000 Spot 

Curing System with a 200 W Hg lamp and glass fiber light waveguides was used as a light 

source, calibrated via an Omnicure R2000 radiometer before each measurement sequence. All 

measurements were conducted under N2-atmosphere (flow rate: 20 mL�min-1) at the 

respective temperature. The analyzed formulations contained the respective monomer, 

2�mol% PBG, 2�mol% BzOH or N-Acetylcaprolactam as CI and 0.02�mol% ITX or DBA as 

photosensitizer unless otherwise noted. A completely homogenous solution was produced 

using a Vortex mixer and/or an ultrasonic bath. The formulations (12 ± 2 mg) were then heated 

to the respective temperature, equilibrated for 4 minutes and irradiated twice for 5 minutes. 

The light intensity was set to 2�W�cm−2 at the tip of the light guide corresponding to ∼80�mW�cm−2 on the surface of the sample. The heat flow of the polymerization reaction was 

recorded as a function of time. All measurements were performed in triplicates. The data 

analysis was performed with the Netzsch Proteus Thermal Analysis program in version 8.0.1. �

Calorimetric and conversion analysis�

Three samples were measured for each formulation and parameter. Before irradiation, each 

sample was conditioned during an isothermal period of 4 min at the selected temperature. 

Then, the samples underwent two successive irradiation sessions, each lasting 300 seconds at 

the selected temperatures. The results represent the polymerization enthalpy of the 

respective formulation as a function of time. The second irradiation phase was conducted to 

eliminate background signals during evaluation, achieved by subtracting the second irradiation 

segment from the first. These results were then used to determine the polymerization heat 

(area in J�g-1), tmax (time to maximum heat development) and t95 (time until 95% of the heat is 

developed). The rate of polymerization Rp was determined using Equation 1: �

�
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RP (mmolL−1s−1) =  h ∙  ρ∆H0  ∙ 1000�
Equation�1:�Calculation�of�Rp�(𝑚𝑚𝑜𝑙𝐿−1𝑠−1)�

h� height�of�the�photo-DSC�signal�[mW�mg-1]�ρ� density�of�the�monomer�[g�L-1]�∆H0� theoretical�polymerization�heat�of�the�monomer�[J�mol-1]�

�

The polymerized samples were analyzed immediately after irradiation via NMR and GPC 

analysis. For the GPC analysis, the samples in the aluminum crucibles were dissolved in THF 

containing 0.5�mg�mL-1�BHT as a flow marker and transferred into GPC vials via syringe filters. 

For NMR analysis of the systems in which PAG was used as the initiator to trigger the CROP 

mechanism, the samples were dissolved in CDCl₃ containing 0.3 wt% pyridine and measured 

directly, while all other samples were analyzed using only CDCl₃ as the solvent.�

Gel permeation chromatography (GPC) measurements were performed on a Malvern 

VISCOTEK TDA system equipped with a VISCOTEK SEC MALS 9 light scattering detector, a 

Viscotek TDA 305-021 RI�+�Visc detector, and a UV Detector Module 2550 for TDA 305.  The 

cured samples were dissolved in tetrahydrofuran (yielding concentrations of 

about�2.5�mL�min-1) containing 0.5�mg�mL-1 butylated hydroxytoluene (BHT) as a flow marker 

unless otherwise noted and transferred into GPC vials via syringe filters. Conventional 

calibration was conducted with polystyrene (PS) standards (MW = 474 – 177 000 Da) supplied 

by PSS. Separation was conducted through three consecutive PSS SDC columns (100 Å, 1.000�Å, 

and 100.000 Å) using THF as solvent at a flow rate of 0.8 mL min-1. Analysis was conducted 

with the OmniSEC Software V5.12.461 (Malvern) to evaluate the elugrams.�

ATR-FTIR experiments of the cured specimens were carried out on a PerkinElmer Spectrum 65 

FT-IR Spectrometer, using a Specac MKII Golden Gate Single Reflection ATR System and 

evaluated with PerkinElmer Spectrum 10.03.07.0112.�

Thin-layer chromatography (TLC) was carried out on aluminum-backed unmodified Merck 

silica gel 60 F₂₅₄ plates, and the spots were visualized under UV irradiation.�
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Column chromatography was performed with a Büchi MPLC-system equipped with the control 

unit C-620, fraction collector C-660, RI detector and UV-photometer C-635. As stationary phase 

Merck silica gel 60 (0.040 – 0.063 mm) was used as stationary phase.�

Ultra-High-Pressure Liquid Chromatography-mass spectroscopy (UHPLC-MS): HPLC analysis 

was performed on a Nexera X2® UHPLC system by Shimadzu® equipped with LC- 30AD pumps, 

SIL-30AC autosampler, CTO-20AC column oven, and DGU-20A5/3 degasser module. Detection 

was achieved using an SPD-M20A photodiode array, an RF-20Axs fluorescence detector, and 

ELS-2041 evaporative light scattering detector (JASCO®) and an LC-MS-2020 mass 

spectrometer (ESI/APCI). Unless stated otherwise, separations were conducted using a 

Waters® XSelect® CSHTM C18 2,5 μm (3.0 x 50 mm) column XP at 40 °C with a flowrate of 1.7 

mL�min-1 with water/acetonitrile + 0.1�% formic acid gradient elution.�

Orange light lab: All weigh-ins, reactions and measurements of light-sensitive substances 

were performed in an orange light laboratory. Windows were laminated with Asmetec 

metolight SF-UV foils (type ASR-SF-LY5) to block UV radiation, and the lighting was provided by 

Osram Lumix lamps equipped with chip-controlled light color 62.�

Nuclear magnetic resonanz (NMR) spectra were obtained on a Bruker Avance DRX-400 

FT-NMR spectrometer at 400 MHz for 1H and 100 MHz for 13C. Chemical shifts were given in 

ppm relative to trimethyl silane (d = 0 ppm) and referenced on the respective NMR-solvent. 

Reactions showing dark polymerization were quenched with pyridine (0.3�wt%) before the 

measurement. The spectra were analyzed using the software MestreNova.�

Dynamic light scattering (DLS) experiments were carried out on an ALV/LSE-5004 Light 

Scattering Electronics and Multiple Tau Digital Correlator at 25�°C. The wavelength of the laser 

was 633 nm and the scattering angle was 90° with respect to the incoming beam. Acquisition 

time was varied between 30 seconds to 60     seconds. For evaluation of the data, the software 

ALV-7004 Correlator was used.�

Software: Graphs and plots were generated using Microsoft Excel. Chemical drawings, marked 

as Schemes, were created using ChemDoodle. ChatGPT was used for language refinement, 

including improvements in word choice, grammar, syntax, paraphrasing and copyediting.  

Interpretation and visualization of NMR spectra was generated with the help of the software 
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MestreNova. To evaluate photo-DSC graphs, NETZSCH-Proteus-80 was utilized. For processing 

ATR-FTIR spectra Proteus Analysis was used. �

� �
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Abbreviations�
�

AMT� Additive�manufacturing�technology�

Ar� Argon�

AROP� Anionic�ring-opening�polymerization�

ATR-FTIR� Attenuated�total�reflectance-fourier�transform�spectroscopy�

BzOH� Benzyl�alcohol�

CI� Co-initiator�

CDCl3� Deuterated�chloroform�

εCL� ε-caprolactone�

CROP� Cationic�ring-opening�polymerization�

DBA� 9,10-Dibutoxyanthracene�

DCM� Dichloromethane�

DLP� Digital�light�processing�

DLS� Dynamic�light�scattering�

DSC� Differencial�scanning�calorimetry�

3D� Three�Dimensional�

EE� Ethyl�acetate�

GPC� Gel�permeation�chromatography�

HPLC� High�performance�liquid�chromatography�

ITX� 2-Isopropylthioxanthone�

Mn� Number�average�molecular�weight�

mol%� Mole�percent�

Mw� Weight�average�molecular�weight�
NMR� Nuclear�magnetic�resonance�

PAG� Photoacid�generator�

PBG� Photobase�generator�

PCL� Poly(caprolactone)�

PDI� Polydispersity�

PE� Petroleum�ether�

PI� Photoinitiator�
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ROP� Ring-opening�polymerization�

RP� Rapid�prototyping�

rt� Room�temperature�

t� Time�

T� Temperature�

THF� Tetrahydrofuran�

TLC� Thin�layer�chromatography�

TP�
Bis(dimethylamino)[tris(dimethylamino)phosphorylamino]phosphoryl(tert-

butyl)azanium�

t95� Time�where�conversion�reaches�95%�

UHPC-MS� Ultra-high-pressure�liquid�chromatography-mass�spectroscopy�

UV� Ultraviolet�

WPBG-266�
1,2-Diisopropyl-3-[bis(dimethylamino)methylene]guanidium�2-(3-

benzoylphenyl)propionate�

WPBG-300� 1,2-Dicyclohexyl-4,4,5,5-tetramethylbiguanidium�n-butyltriphenylborate�

wt%� Weight�percent�

�

�

�
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