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Abstract 

 

ITA: Il programma di ricerca di dottorato è stato incentrato sullo sviluppo di nuove 

formulazioni a base di policaprolattone (PCL) mediante l’impiego di polimeri con geometria lineare 

e stellare, sia commerciali che preparati ad hoc. Comunemente, per tutti questi sistemi, è stata 

investigata l’influenza della natura chimica del PCL nonché dei suoi gruppi terminali di catena, 

introdotti attraverso differenti tipi di funzionalizzazione chimica, sulle proprietà finali delle 

formulazioni studiate. In particolare, l'interesse per il PCL risiede nelle sue caratteristiche intrinseche 

di biodegradabilità e biocompatibilità. Inoltre, l'utilizzo di questo polimero può essere promettente in 

relazione allo sviluppo di nuovi materiali sostenibili poiché potenzialmente ottenibile attraverso fonti 

rinnovabili. Di particolare rilevanza in questo progetto di ricerca è stato l'impiego di polimeri 

caratterizzati da topologia molecolare stellare, comunemente definiti come “star-shaped”, a bassa 

massa molecolare. Questo particolare tipo di struttura molecolare permette di poter influenzare alcune 

importanti proprietà fisiche dei polimeri come la cristallinità, il raggio idrodinamico e di girazione, 

la solubilità, la viscosità del fuso e delle soluzioni risultanti. In particolare, vale la pena sottolineare 

come questi sistemi siano dotati di un maggior numero di gruppi funzionali terminali per unità di 

massa rispetto ai polimeri lineari di peso molecolare equivalente. Infatti, una delle principali 

problematiche del PCL è proprio legata all’assenza di funzionalità di catena sfruttabili per la sua 

modificazione chimica con metodi convenzionali, rendendola di fatto possibile solo sui terminali 

ossidrilici. L’unione di queste caratteristiche peculiari rende dunque i sistemi star-shaped molto 

interessanti dal punto di vista di un loro impiego come additivi in sistemi polimerici, in virtù della 

loro miscibilità e della capacità di conferire funzionalità, tramite l’elevato numero di gruppi che è 

possibile introdurre tramite il loro utilizzo. Nello specifico, le attività di ricerca durante il dottorato si 

sono articolate attraverso sviluppo di sette differenti sistemi contenenti PCL. In particolare, due lavori 

hanno riguardato la preparazione di PCL lineari e star-shaped pirenil terminati e la loro rispettiva 

applicazione nello sviluppo di nanocompositi e nanopapers contenenti graphene nanoplates (GNP). 

Lo sfruttamento della funzionalità pirenica è stato finalizzato allo scopo di favorire le interazioni 

PCL/GNP attraverso l'introduzione di interazioni di stacking di tipo π-π con la superficie degli strati 

di grafite presenti nel GNP con l'obiettivo di promuovere, in un lavoro, la dispersione del GNP nei 

nanocompositi onde aumentarne la conducibilità elettrica, e nell’altro la reticolazione fisica del GNP 

nei nanopapers per migliorarne le proprietà termomeccaniche. Negli altri lavori, PCL lineari e star-

shaped con diverse funzionalità terminali sono stati impiegati nella preparazione di film polimerici 
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sia porosi che densi nonché in idrogeli meccanicamente rinforzati e vetrimeri. Nello specifico, un 

lavoro è stato incentrato sullo sviluppo di film porosi con proprietà adatte al loro utilizzo come sensori 

ed assorbitori, tramite l’impiego di un PCL lineare ad alta massa molecolare in combinazione con 

acido polilattico (PLA) e GNP, con la funzione di aumentare la duttilità e manipolabilità dei film. Un 

altro lavoro, inerente alla preparazione di film densi a base di PLA, ha previsto l’impiego di tre diversi 

PCL star-shaped con funzionalità terminali di tipo ossidrilico (PCL-OH), carbossilico (PCL-COOH), 

pirenico (PCL-Pyr). Questi polimeri sono stati aggiunti al fine di investigare l'influenza delle diverse 

funzionalità sulle proprietà finali dei materiali ottenuti nonchè di migliorare alcune proprietà dei film 

come l’allungamento a rottura e la capacità assorbente nei confronti di specie cationiche. 

Analogamente, un lavoro affine, ha riguardato nuovamente lo sviluppo di film densi a base di PCL 

ad alta massa molecolare e GNP. A tale scopo, un PCL star-shaped con funzionalità terminali di tipo 

furoilico (PCL-Fur) è stato aggiunto al sistema con la funzione di promuovere la dispersione del GNP 

all’interno della matrice di PCL. Questo è stato possibile attraverso la formazione di legami covalenti 

mediante reazione di Diels-Alder tra gli anelli furanici del PCL-Fur ed i bordi dei sistemi grafenici 

presenti nel GNP. L’applicazione del PCL nei lavori inerenti alla preparazione di idrogeli ha previsto 

l’utilizzo di polimeri star-shaped dotati funzionalità terminali reattive nei confronti di reazioni di 

polimerizzazione radicalica, di tipo acrilico (PCL-TA) e maleico (PCL-COOH) in combinazione, 

rispettivamente, con idrossietilacrilato e N-isopropilacrilammide. Queste funzionalità sono state 

sfruttate per promuovere, durante il processo di polimerizzazione frontale, la reticolazione con 

conseguente formazione strutture copolimeriche. Queste hanno permesso di migliorare compatibilità 

tra i polimeri e le proprietà meccaniche del sistema. Al contempo, l’utilizzo delle funzionalità 

maleiche ha permesso nuovamente di introdurre capacità assorbente da parte degli idrogeli nei 

confronti di specie cationiche. Infine, in un ultimo lavoro, tre PCL star-shaped con funzionalità 

terminali acriliche e diversa massa e/o numero di braccia sono stati utilizzati nello sviluppo di 

altrettanti vetrimeri green, ossia senza l’utilizzo di catalizzatori e biodegradabili. Questo è stato 

possibile sfruttando una reazione di tipo tiolo-acrilato tra le funzionalità terminali ed i gruppi tiolici 

di un reticolante dinamico difunzionale contente esteri boronici. In definitiva, si può affermare come 

i risultati riportati in questa tesi mettano nuovamente in evidenza la versatilità applicativa del PCL, 

un poliestere alifatico di notevole interesse applicativo. Tale ricerca ha inoltre provato come questa 

bioplastica risulti ancora essere capace di possedere, a quasi un secolo dalla sua scoperta, 

caratteristiche promettenti per lo sviluppo di nuovi materiali sostenibili in sistemi dove le sue 

potenzialità non sono ancora state del tutto pienamente sfruttate. 
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ENG: The PhD research program focused on the development of new formulations based 

on polycaprolactone (PCL) using polymers with linear and star geometry, commercially and ad hoc 

synthesized. For all these systems, the influence of the chemical nature of PCL as well as its chain 

terminal groups, introduced by different types of chemical functionalization, on the final properties 

of the studied formulations was investigated. The interest in PCL lies particularly in its intrinsic 

characteristics of biodegradability and biocompatibility. In addition, the use of this polymer can be 

promising with regard to the development of new sustainable materials, as it can potentially be 

obtained from renewable sources. Of particular relevance in this research project was the use of 

polymers characterized by star molecular topology, commonly defined as “star-shaped”, with low 

molecular weight. In general, this type of molecular structure allows to influence some important 

physical properties of polymers, such as crystallinity, hydrodynamic and gyration radius, solubility, 

viscosity of the melt and the resulting solutions. In particular, it is worth noting that these systems 

have a greater number of terminal functional groups per unit mass than linear polymers of equivalent 

molecular weight. Indeed, one of the main problems of linear PCL is the lack of chain functionalities 

that can be exploited for chemical modification by conventional methods, which is only possible at 

the hydroxyl end groups. The combination of these peculiar features therefore makes star-shaped 

systems very interesting in terms of their use as additives in polymer systems, due to their miscibility 

and ability to confer functionality through the high number of groups. Specifically, the research 

activities during the PhD were articulated through the development of seven different systems 

containing PCL. In particular, two projects focused on the preparation of linear and star-shaped 

pyrenyl-terminated PCLs and their application in the development of nanocomposites and nanopapers 

containing graphene nanoplates (GNPs). The exploitation of pyrene functionality aimed at promoting 

PCL/GNP interactions by introducing π-π stacking interactions between the polymer functionalities 

and the surface of the graphite layers of GNP. In one work, the above property was applied to promote 

the dispersion of GNP in polymer nanocomposites and consequently their electrical conductivity, 

while in another system, namely a nanopaper, the specific PCL/GNP interactions were used to 

improve its thermomechanical properties by the physical cross-linking of GNP. The PhD work also 

dealt with the application of linear and star-shaped PCLs with different end functionalities in the 

preparation of porous and dense films as well as hydrogels and vitrimers. Specifically, one work 

focused on the development of porous films with properties suitable for their use as sensors and 

absorbers, exploiting a high molecular weight linear PCL in combination with polylactic acid (PLA) 

and GNP to increase the ductility and manipulability of the films. In another study on the preparation 

of dense PLA-based films, three types of star-shaped PCLs with hydroxyl (PCL-OH), carboxyl (PCL-

COOH) and pyrenic (PCL-Pyr) end groups were used. Indeed, the influence of the different 
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functionalities on the final properties of the materials was investigated as well as the improvement of 

some properties of the films, such as elongation at break and the adsorption capacity towards cationic 

species. A related work also dealt with the development of dense films based on high molecular mass 

PCL and GNP. For this purpose, a star-shaped PCL with furoyl-type terminal functionalities (PCL-

Fur) was added to the system to promote the GNP dispersion within the PCL matrix. This was 

achieved by the occurrence of covalent bonds through Diels-Alder reaction between the furan rings 

of PCL-Fur and the edges of the graphene systems. In the application of PCL in the preparation of 

hydrogels, star-shaped polymers with reactive end functionalities against radical polymerization 

reactions were used, namely acrylic (PCL-TA) and maleic (PCL-COOH), in combination with 

hydroxyethyl acrylate and N-isopropyl acrylamide, respectively. These functionalities were exploited 

to promote cross-linking with consequent formation of copolymers during the frontal polymerization 

process used. In particular, the effect of the above-mentioned copolymers on the compabilization of 

the two polymer phases and consequently on the hydrogel mechanical properties was investigated. 

At the same time, the use of maleic functions has in turn enabled the adsorption capacity of hydrogels 

towards cationic species. Finally, in a last work, three star-shaped PCLs with acrylic functionalities 

and different mass and/or number of arms were used for the development of catalyst-free 

biodegradable vitrimers. This was possible by exploiting a thiol-acrylate cross-linking reaction 

between the terminal PCL functionalities and the thiol groups of a dynamic bifunctional crosslinker 

containing boronic esters. In conclusion, the results reported in this thesis highlight the versatility of 

PCL, and prove that, almost a century after its discovery, this bioplastic has promising characteristics 

for the development of new sustainable materials in systems where its potential has not yet been fully 

exploited. 
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Outline 

 

Chapter 1: Introduction 

In this chapter, some of the general characteristics of PCL ad PCL-related materials are 

discussed, as well as some of their most important applications, giving a complete vision 

to the reader of the possible applications of this bioplastic nowadays. In addition, a more 

specific focus is made on the synthetical methods currently in use to produce monomers, 

precursors of PCL, as well as an in-depth discussion of their polymerization techniques. 

In this part some general notes will also be provided regarding the state-of-the-art about 

the preparation of polymers with star topology including some of their practical 

applications that can be found in the current literature. 

 

Chapter 2: On the development of an effective method to produce conductive PCL films 

In this chapter the effects of a low molecular weight, pyrenyl terminated PCL (Pyr-PCL) 

in the preparation of nanocomposites were investigated. Pyr-PCL was designed to be an 

effective promoter of the dispersion of graphene nanoplates (GNP) in PCL-based 

nanocomposites prepared through a melt blending approach. The exploitation, in Pyr-

PCL, of the pyrenyl moiety coupled to a PCL chain was crucial to promote, at the same 

time, the formation of π-π stacking interactions with the surface of graphene layers and 

ensure their homogeneous dispersion and compatibilization throughout the polymeric 

matrix thanks to the same chemical composition of the polymer chains. A comparison 

between different PCL-GNP nanocomposites, prepared with and without the additive, was 

made with a particular focus on their thermal and electrical properties. It has been found 

that the addition of Pyr-PCL significantly increases the electrical conductivity of the 

material thanks to a better exfoliation and dispersion of the graphite within the polymer 

matrix. This allows an improvement in the ability to form the percolative network that 

underlies the conduction process. 

  

Chapter 3: Synthesis and characterization of a novel star polycaprolactone to be applied 

in the development of graphite nanoplates-based nanopapers 

The focus of this work was to design and synthesize a polymeric material capable to 

improve thermomechanical properties of GNP-based nanopapers, i.e., films characterized 
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by a very high GNP content (up to 90%). With this aim, a star-shaped PCL was end-capped 

with pyrenic functionalities using a three-step procedure (PCL-star-4-Pyr) to interact with 

the graphite surface and facilitate physical networking among GNP layers by providing, 

like in the previous work, π-π stacking bridges. Specifically, GNP-based nanopapers were 

prepared using a solution blending approach followed by filtration and hot pressing. The 

increased interactions between polymer and GNP provided by the functionalities allowed 

to introduce a greater quantity of PCL respect to nanopapers prepared using a conventional 

linear high molecular weight PCL. The incorporation of pyrenyl moieties decreased 

polymer crystallinity compared to the starting hydroxyl terminated PCL, enhancing at the 

same time its thermal stability. The increased interactions between functionalized PCL and 

GNP resulted in nanopapers with remarkable heat-spreading capacity and good 

thermomechanical stability, well above PCL melting point, making them high 

performance sustainable materials. 

 

Chapter 4: On novel hydrogels based on poly(2-hydroxyethyl acrylate) and 

polycaprolactone with improved mechanical properties prepared by frontal 

polymerization 

This study aimed to improve the mechanical performances, in terms of stiffness and 

compressive strength, of poly(2-hydroxyethyl acrylate) (PHEA)-based hydrogels by using 

a star-shaped, acryloyl terminated PCL (PCL-TA) in place of a traditional cross-linker, 

pentaerythritol tetraacrylate (PE-TA). The hydrogels were prepared by varying 

concentrations of PCL-TA using frontal (FP) and bulk polymerization (BP), and their 

properties were compared. The use of a low molecular weight polymer was crucial to 

obtain the formation of a starting homogeneous mixture which was possible only by taking 

advantage of PCL-TA solubility in 2-hydroxyethyl acrylate. This was critical due to the 

non-miscibility between PCL and PHEA, to obtain the highest possible degree of 

dispersion of PCL domains during the polymerization phase. Interestingly, the use of PCL-

TA enabled to obtain the formation of stable polymerization fronts in FP samples. Thermal 

analysis of PHEA/PCL hydrogels revealed the formation of a partially miscible 

copolymeric system between PCL and PHEA that was confirmed by comparing the 

thermal behaviour of hydrogels polymerized in the presence of a hydroxyl terminated PCL 

without active functional end groups. This was reflected by the mechanical behaviour of 

PCL-containing hydrogels which exhibited higher modulus than PE-TA crosslinked 

PHEA, remaining structurally stable even under high compressive loads. The combination 
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of striking mechanical properties, fast and efficient frontal polymerization approach and 

the environmentally friendly nature of PCL make these hydrogels promising materials for 

practical applications. 

 

Chapter 5: Multifunctional Porous Films Based on Polylactic Acid 

In this chapter the preparation of porous PLA-based films using phase inversion to be 

employed in the development of sensors is discussed. Some features such as ductility and 

electrical conductivity of the films were obtained by addition to the system, during its 

preparation, of PCL and GNP respectively. Phase inversion process was optimized by 

studying the cause-effect relation between polymer concentration, viscosity of the 

solutions and porosity of the obtained films. Interestingly, morphological analysis of PCL-

containing films revealed a homogeneous PCL dispersion in PLA with GNP flakes 

completely adhered to the polymer matrix. In a further step, surface amino functionalities, 

to provide ionic interactions with negatively charged species, were introduced through 

aminolysis of the polymer films using an ethylenediamine solution. After this treatment, 

the films exhibited high capacity to adsorb fluorescein, a model dye, demonstrating their 

retaining ability. Mechanical characterization revealed a 3-fold increase in the elongation 

at break in PCL-containing films respect neat PLA ones. Optimized, surface-

functionalized, PLA/PCL-GNP containing films were tested positively as effective 

electrodes for voltammetric determination of ascorbic acid making the materials attractive 

for further applications. 

 

Chapter 6: On the effective application of star-shaped polycaprolactones with different 

end functionalities to improve the properties of polylactic acid blend films 

The purpose of this work was to improve the mechanical properties of a widely employed 

commodity bioplastic PLA, which shows poor elongation at break, by adding a ductile 

polymer like PCL. In detail, star-shaped, hydroxyl (PCL-OH), carboxyl (PCL-COOH) 

and pyrenyl (PCL-Pyr) terminated PCL were employed as additives (20% -wt.%) in the 

preparation of PLA-based dense films by solvent casting technique. The choice of the use 

of low molecular weight star-shaped PCLs was done by considering the intrinsic 

immiscibility between PLA and PCL, to improve their blending. At the same time, the 

inclusion of PCL with different functionalities enabled an improvement in its phase 

dispersion and adhesion within the PLA matrix. As expected, when observed through FE-

SEM, star PCLs-containing films showed smaller and better-adhered PCL domains in 
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comparison to those prepared with high molecular weight linear PCL. Indeed, as revealed 

by thermal characterization, the properties of PCL domains were influenced by the 

different chain-end functionalities. Remarkably, PLA films containing star-shaped PCLs 

displayed superior elongation at break, up to 40% ca., while preserving an acceptable 

level of stiffness for practical applications. Contact angle measurements revealed an 

increased wettability of PCL-COOH containing films. These, in a dye adsorption test, 

showed the highest capacity to retain the cationic dye, indicating ionic interactions with 

positively charged molecules. Enzymatic degradation test using cutinase, an enzyme with 

high affinity towards PCL, demonstrated that star PCLs containing films were 

characterized by slower and more controlled hydrolysis compared to PLA/high molecular 

PCL systems, with the possibility of tuning the kinetics by varying star PCL end 

functionality. 

 

Chapter 7: Star-shaped furoate-PCL: An effective compound for the development of 

graphite nanoplatelets-based films 

In this chapter, the dispersion of graphite nanoplatelets (GNP) in high molecular weight 

linear PCL (PCL-L) films prepared by solvent casting was improved using a star-shaped, 

PCL-based additive end-capped with furoyl terminal moietes (PCL-Fur). This additive 

was synthesized with the aim of interacting and forming covalent bonds with the edges of 

graphene layers through Diels-Alder reactions. The reactivity of furoyl groups to GNP 

was demonstrated by studying the thermal behaviour of the GNP/methyl-2-furoate 

system. In particular, when combined with PCL (PCL-L) and high molecular weight GNP, 

PCL-Fur has been shown to improve GNP dispersion, as demonstrated through DSC and 

UV-Vis measurements of the prepared blends. In fact, SEM characterization of the 

resulting composite films revealed excellent dispersion and adhesion of GNP flakes to the 

polymer matrix. The homogeneous distribution of the conductive material, provided by 

PCL-Fur, resulted in significantly higher electrical conductivity values in films containing 

PCL-L/PCL-Fur/GNP compared to pure PCL-L/GNP films. 

 

Chapter 8: Mechanically-reinforced biocompatible hydrogels based on poly(N-

isopropylacrylamide) and star-shaped polycaprolactones 

In this chapter some properties of thermoresponsive poly(N-isopropyl acrylamide) 

(PNIPAAm) hydrogels prepared by FP, in terms of functionality and mechanical 

behaviour, were improved by incorporation of a star-shaped PCL (PCL-COOH) to keep 
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unaltered the biocompatibility of the materials. Specifically, this additive, was tailored to 

be at the same time: easy to synthesize, soluble in the reactive mixture, capable of 

participating in the formation of cross-links during the radical FP reaction and capable to 

introduce ionizable negatively charged groups for non-specific interactions with drugs. 

For these systems the obtaining of stable polymerization fronts up to 25% wt% of PCL-

COOH was verified. The presence of this additive influenced the morphology, swelling 

and mechanical properties of the prepared hydrogels. In particular, PCL-COOH decreased 

mean pore size and swelling ratio of hydrogels without affecting their thermoresponsive 

behaviour. Thermal analysis revealed a partial miscibility between PCL and PNIPAAM 

with the possible formation of a mixed copolymer settled at their interphase. A dye 

retention test showed higher loading capacity of the PCL-containing hydrogels. 

Cytotoxicity of the materials was evaluated using SH-SY5Y cell line which demonstrated 

complete biocompatibility of the hydrogels making them promising materials for 

biomedical applications. 

 

Chapter 9: On novel sustainable vitrimers based on polycaprolactones 

This work aimed to develop novel biodegradable PCL-based boronic ester vitrimers to 

meet the current demand for a sustainable economy. Three different star-shaped, acrylated 

tetra- and hexafunctional polymers, with different molecular weight, were prepared and 

cross-linked in bulk by exploiting a thiol-acrylate reaction with a bifunctional boronic 

ester dithiol, namely [2,2′-(1,4-phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] 

(DBEDT), which synthesis is easy and can be performed under mild conditions. For all 

the prepared vitrimers, the formation of a cross-linked network was testified by the high 

values of gel fraction measured, around 80%. Mechanical and rheological characterization 

revealed the existence of dynamic covalent networks capable of rapid relaxation 

phenomena. Specifically, rheological measurements showed activation energies for the 

relaxation process in the range of 44-62 kJ/mol, which makes these materials comparable 

to other boronic ester vitrimers. Moreover, complete enzymatic hydrolysis within 12 days 

was proven for the developed systems, highlighting their excellent degradability. In 

addition, all the vitrimers demonstrated good recyclability and exhibited self-healing 

properties when processed at 180 °C opening the possibility to extend material lifecycle 

and reduce their environmental impact. 
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Chapter 1: Introduction 

 

1.1 Poly(ε-caprolactone) 
 

Poly(ε-caprolactone), generally referred as polycaprolactone (PCL), is a semicrystalline, aliphatic, 

saturated polyester composed by several 6-hydroxyhexanoic repetition units which structure is 

reported in Figure 1.1. Its crystallinity degree can reach values up to 70% which is generally reduced 

by increasing the molecular weight due chain folding phenomena [1]; for example, in linear samples 

with molecular weight of approximately 200 kg·mol-1 a crystallinity reduction to 33% is observed 

[2]. In detail, the unit cell structure of PCL crystalline phase (Figure 1.2) is orthorhombic (space 

group P212121-D2
4) with lattice constants of: a = 7.496±0.002 A˚, b = 4.974±0.001 A˚ and c = 

17.297±0.023 A˚, with c being the fibre axis [3]. 

 

 

Figure 1.1. Chemical structure of PCL. 

 

The polymer, due to the low glass transition (-60 °C ca.) and melting temperature of crystalline phase 

(56-65 °C) in addition to the good rheological properties is easily processable and can be used to 

fabricate highly structured forms such as foams prepared, for example by using super-critical CO2 

[4].This polymer, thanks to its strong hydrophobicity, is readily soluble in a wide range of medium 

and low polarity solvents such as chloroform, dichloromethane, carbon tetrachloride, benzene, 

toluene, cyclohexanone and 2-nitropropane while is slightly soluble in acetone, 2-butanone, ethyl 

acetate, dimethylformamide and acetonitrile and completely insoluble in completely apolar or polar 

solvents like petroleum ether, diethyl ether, water or alcohols [5]. These last one together with n-

hexane or petroleum ether are often used for its precipitation from its solutions. Due to its 

physicochemical properties displays an exceptional blend compatibility when combined with 

polymers like PVC, ABS, PC, nitrocellulose, and cellulose butyrate where it is often employed as 

plasticizer. Considering its structure, PCL possess the lowest O/C ratio when compared to other two 

largely diffused biodegradable polymers, PLA and PGA, which indirectly indicates its higher 

hydrophobicity [6]. This character is also reflected by the values of the Hildebrand parameters (Table 

1.1), which show higher dispersive (δd), lower polar (δp) and hydrogen bonding (δh) and similar total 

O

O

O
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solubility parameter (δT) components for PCL, when compared to other polymers such as poly(lactic 

acid) (PLA) and poly(ethylene glycol) PEG [7]. Thanks to the presence of the ester moiety, it appears 

to be a fairly biodegradable material, however the degradation is generally slow and depends on 

different parameters such as the surface area to volume ratio, molecular weight and geometry of the 

specimen [8] being degraded on a timescale ranging from a few months to several years, especially 

when hydrolysis is conducted in water or phosphate buffered saline (PBS) solution [8,9]. As generally 

reported for biodegradable aliphatic polyesters, the degradation usually occurs through bulk or 

surface hydrolysis [10]. For this reason, the high hydrophobicity and the important crystallinity value 

displayed by PCL hinder the access of water molecules in the amorphous fraction in the bulk slowing 

down the whole process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. X-Ray photograph of PCL fiber (a), projection of the crystal structure of viewed along a axis (b) and c axis 

(c). Adapted from [3]. 

 

Specifically, the hydrolysis reaction is autocatalytic; once the polymer starts to be hydrolysed, the 

carboxylic groups derived from the newly formed chain terminals and from the 6-hydroxyhexanoic 

acid, also known as hydroxycaproic acid, and other hydroxyacids promote further hydrolysis [10,11]. 

This is especially true when the diffusion of the acid species into the surrounding degradation medium 

is limited, and the acid species remain trapped in the polymer bulk. In this case, a concentration 

gradient of the acid species is generated, and the degradation in the bulk occurs at an exponential rate 

[12]. However, when PCL is compared to other aliphatic biodegradable polyesters such as 

polyglycolides [13,14] or polylactides [14,15], the production of acidic hydrolysis byproducts per 

(a) 

 

(b) 

 

(c) 
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unit of mass of polymer is lower. This is due to the reduced number of ester bond along the chains 

which affects the degradation rate of the structure, causing less inflammatory responses in implant 

materials produced using this polymer [1]. 

 

Table 1.1. Hildebrand solubility parameters for PCL, PLA and PEG, in MPa. Adapted from [7]. 

Polymer type δd δp δh δT 

PCL 21.2±0.6 3.4±0.9 5.3±0.8 22.1±0.8 

PLA 20.0±0.6 5.9±0.7 7.6±0.9 22.2±0.7 

PEG 20.8±0.6 8.4±0.7 9.4±0.9 24.3±0.7 

 

PCL hydrolytic degradation process is pH dependent and can be accelerated under strongly acidic or 

basic pH conditions with the degradation being far more significant in strongly basic environments 

[16] or using enzymes [17]. In the literature there is a large list of the latter capable of accelerating 

the degradation of polycaprolactone. Among these, some, such as cutinases or lipases, are particularly 

effective due to the similarity between the structure of PCL and their natural substrates [18]. For 

example, complete degradation of PCL films (thickness = 0.1 mm) in the presence of Pseudomonas 

lipase has been observed within 4 days [19]. Other lipases such as those from Rhizopus delemer [20], 

Rhizopus arrhizus [21], Pseudomonas PS [22] and Candida antarctica [18] can be employed. On the 

other hand, in vivo degradation occurs due to various phenomena such as the normal degradation of 

the polymer in a physiological environment combined with the action of enzymes such as esterases 

and lipases [23]. PCL degradation studies in female Wistar rats have shown a duration of the process 

of about 3 years [24]. The implanted capsules (2.5/2.3 mm outer/internal diameter, 23 mm length), 

containing polymer with an initial molecular mass of 66 kDa, remained intact, in shape, during the 

first two years, starting to disintegrate after that time. In particular, the molecular weight of the 

polymer went from 22 kDa after 16 months of implantation to 15 kDa after 24 months. This further 

dropped to 8 kDa by 30 months where the implants became fragile and without mechanical strength. 

After 36 months, the tested implants were found as small pieces and could not be collected anymore. 

The results, in Figure 1.3, showed an almost linear relationship between the log Mw vs. time, which 

was in good accordance with the random hydrolytic chain scission mechanism of the ester bonds. 

This study is a clear example of the hydrolytic stability and long permanence in the body that can 

generally be obtained by exploiting the use of PCL. Thanks to these properties, this material is used 

in the production of biomedical devices such as scaffolds for tissue engineering and in long-term drug 

delivery systems [5,25–28]. Other significant applications are found in the field of microelectronics, 

adhesives, and packaging [29]. In particular, the latter application area is the most studied for PCL-
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based materials which, despite their slightly higher costs than polyolefins, have found a certain degree 

of diffusion. 

 

 

 

Figure 1.3. Mw of PCL capsules vs. time after subcutaneous implantation in rats (a) and images of PCL capsules in rats 

taken at different times, black arrows indicate the implanted PCL capsules (b). Adapted from [24]. 
 

For these applications, PCL is generally used alone or blended with other biodegradable polymers to 

give laminated or extruded materials capable of showing good biodegradability qualities [30]. For 

this purpose, it is often mixed with inexpensive thermoplastic biopolymers starch (TPS) or zein 

(TPZ), a corn derived protein, to obtain good biodegradable materials at a low price used in many 

commodities [31–34]. For example, in 1990 Novamont patented Mater-Bi®, a biodegradable 

thermoplastic material prepared from starch, PCL and PBAT [35] which was further used to replace 

polyolefin-based plastic bags following the entry into force, in 2010, of a regulation which has 

imposed the gradual replacement of plastic bags on the market with bioplastic ones compliant with 

the UNI EN 13432 standard. On the other hand, some PCL/thermoplastic zein (TPZ) blends has 

proved to possess excellent features such as the adhesion in laminated packaging structures and due 

to the combination of specific performances allowed by each layer of the film, bags made from this 

material were found to be suitable for high pressure pasteurization treatments [34]. As evidenced by 

the authors, high pressure tests in Figure 1.4, up to 700 MPa, performed on multilayer packaging, 

did not promote any detectable change of oxygen and water vapor barrier properties of films 

confirming the possibility to industrially use such systems for food packaging applications. All these 

desirable properties are corroborated by the fact that this material has a relatively low cost and is very 

easy to prepare. As previously mentioned, blending with other polymers also allows to obtain a whole 

range of mixtures with different properties capable of covering a wide range of applications. 
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Figure 1.4. Zein–PCL package for food applications before (a) and after (b) high pressure pasteurization at 700 MPa. 

Adapted from [34]. 

 

A clear example is demonstrated by blends in combination with PLA form PLA/PCL blends, of which 

there is an abundance in the literature [36–38]. In a very schematic work, Delgado-Aguilar et al. 

studied thoroughly the properties of PLA/PCL blends (Figure 1.5a), prepared by compounding at 

190 °C, over the whole compositional range, by using two commercially available, high molecular 

weight polymers [36]. The authors found that that the Young’s modulus of the material evolved 

linearly with PCL content, indicating a good dispersion of the blend components. For blends 

containing more than 20 wt% of PCL, unnotched specimens did not break when their impact strength 

was measured using a Charpy’s pendulus revealing a very good resilience, displayed also during the 

stress-strain characterization in Figure 1.5b.  

 

 

Figure 1.5. Ashby’s plot (a) for tensile strength (σt) against Young’s modulus (Et) for the PLA/PCL blends with different 

polymer ratios compared to other commodity polymers. Stress-strain curves (b) of the PLA/PCL blends and B0/100 

stands for neat PCL while B100/0 represents neat PLA. Adapted from [36]. 

 

Overall, it was found how these blends constitute an effective environmentally friendly alternative to 

oil-based commodity materials such as polyethylene and polystyrene. As about structural 

applications, PCL-based materials face many limitations due to its low glass transition temperature 
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and elastic properties when compared to other biodegradable polymers like PLA or 

polyhydroxybutirrate (PHB). A general approach used to enhance stiffness for load-bearing 

applications, involves the reinforcement of PCL and its blends with high aspect ratio fillers like short 

fibers or fabrics, thus broadening its potential use in such applications [30]. Remarkable efforts have 

been made towards the investigation of PCL composites reinforced with inorganic or organic natural 

fibers, after appropriate chemical modification, to increase the adhesion between the hydrophilic 

fibers and hydrophobic matrix and preserve the sustainability [39–44]. 

 

1.2 Monomers production 
 

As previously mentioned, the most important production method for commercial PCL production lies 

in the ROP reaction of ε-caprolactone (ε-CL). Generally, the most used synthetical route to produce 

this monomer, on an industrial scale, consists of the Bayer-Villiger reaction of cyclohexanone using 

peracids, such as peracetic acid, in the so-called UCC process [45]. This currently produces more 

than 10,000 tons/year of ε-CL precursor for polymer synthesis with associated toxicity, ecology, and 

safety drawbacks. In particular, cyclohexanone, the starting substrate for ε-CL synthesis, is in turn 

obtained through different industrial processes such as the partial hydrogenation of phenol [46], the 

partial reduction of benzene in the Asahi process [47], or more commonly, through partial oxidation 

of cyclohexane [48] (Figure 1.6).  

 

 

 

Figure 1.6. Cyclohexanone production processes: Partial hydrogenation of phenol (yellow arrows), Asahi process 

(green arrows), cyclohexane oxidation (red arrows). Scheme revised and adapted from [49]. 
 

However, the main use of cyclohexanone remains linked to the production of ε-caprolactam and 

adipic acid, respectively intended for the synthesis of the two most widespread polyamides on the 

market, Nylon-6 and Nylon-6,6. 
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1.2.1 Partial hydrogenation of phenol 

 

In this process, ε-CL is obtained by direct hydrogenation of phenol to cyclohexanone with complete 

conversion and high selectivity (93.6%) under mild conditions (80 °C, 1 MPa hydrogen pressure). 

This has been studied by using a composite catalytic system prepared with Pd/C and a heteropolyacid. 

It has been found that a synergetic effect between Pd/C and heteropolyacid enhanced the catalytic 

performance of the composite system and suppressed the undesired hydrogenation of cyclohexanone 

to cyclohexanol [50]. 

 

1.2.2 Asahi process 

 

During 1990 in Japan, a new process was patented and commercialized by Asahi to produce 

cyclohexanol with a 100 t/y plant. This is still the most used process nowadays in the industry to 

produce cyclohexanol. This process can be divided in three macroscopic steps that consist in the 

selective hydrogenation of benzene, the separation of the formed cyclohexene and finally its 

hydration to form cyclohexanol. The first hydrogenation step is performed by using a heterogeneous 

Ni catalyst, stopping the conversion to a 50% to afford a mixture composed by 35% cyclohexene, 

15% cyclohexane, and 50% residual benzene. After separation through extractive distillation the 

cyclohexene is hydrated, in a slurry reactor over a heterogeneous catalyst, to give only the 14% of 

cyclohexanol due to the reaction constant value. In this sense, several additives to increase the 

conversion to cyclohexanol in this step were tested and patented. The overall yield of this process is 

extremely high, greater than 95% [51]. The formed cyclohexanol is then catalytically oxidised to 

cyclohexanone. 

 

1.2.3 Partial oxidation of cyclohexane 

 

As in the latter case, cyclohexane (Cy-H) is in turn prepared through the catalytic hydrogenation of 

benzene and is oxidized by using O2 and H2O2 in controlled conditions (1-1.5 MPa, 120-165 °C), in 

order to maintain a low conversion, which is necessary to avoid the formation of polyoxygenated by-

products (in the specific, cyclohexanedione, epoxycyclohexane and cyclohexylcarboxylic acid can 

be formed). This leads to the production of a cyclohexanol/cyclohexanone mixture nicknamed “KA 

oil” to highlight the concomitant presence of ketone and alcohol. This reaction is supposed to be 

initiated by the action of the ·OH radical, capable of abstracting hydrogen atoms to form the 

Cy· radical which would then be able to give the hydroperoxide Cy-OO· by reaction with oxygen 

molecules. Cy-OO· radicals then turn out to be able to give dismutation to form Cy-OH and Cy=O.  
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1.2.4 Monomer production from green processes 

 

Considering how the contribution of greenhouse gas (GHG) emissions resulting from the use of fossil 

substrates is a global concern due to climate change, the decoupling of industrial production from 

these resources is increasingly becoming a necessity to reach carbon neutrality. In this sense, 

important efforts are made by the scientific community to create, improve, implement, and evolve 

green processes with the aim of gradually bringing them closer to the needs of the actual industrial 

production. In the literature, many example of environmentally friendly syntheses for ε-CL and other 

monomer precursors were reported over years [52–54]. These may concern the use of substrates 

coming from biomasses, with some of them still developed on the use fossils derived molecules, and 

although they do not yet represent processes applicable on an industrial scale for reasons related to 

costs and efficiency, their development is nevertheless very important for their future application to 

replace the processes that are currently in use for the monomer production. Despite scalability or cost 

problems, biocatalytic approaches provide a greater number of advantages over conventional catalytic 

systems, with enzymatic reactions being more environmentally friendly due to the absence of organic 

solvents and milder reaction conditions resulting in lower energy and sewage depuration costs. To 

cite some examples, Srinivasamurthy et al. set on point a whole-cell biocatalytic conversion of 

cyclohexanol to ε-caprolactone by using modified Escherichia coli cells capable to express two 

different enzymes, alcohol dehydrogenase (ADH) from Lactobacillus kefir and cyclohexanone 

monooxygenase from Acinetobacter calcoaceticus in a batch-fed process. By applying a parameter 

optimisation and using a cyclohexanone monooxygenase mutated variant (CHMO M15), a 98% 

conversion and 20 g/L product titre in ε-CL were obtained (Figure 1.7) [55]. It is worth to emphasize 

that, to improve the sustainability of this process, cyclohexanol can be obtained from lignin-based 

compounds, potentially allowing the practicability of a totally green synthesis [56]. Another work 

focused on the production of ε-CL using the Baeyer–Villiger monooxygenase (BVMO) enzymes 

included the use CHMO from Acinetobacter calcoaceticus, to directly catalyze cyclohexanone 

oxidation to ε-CL in the presence of O2, but this approach suffered from low productivity and stability 

of CHMO over time, which is also affected by substrate and product inhibition. In this case, the 

product inhibition was bypassed by adding Candida antarctica lipase to perform directly, in situ, ROP 

of the formed ε-CL to keep low its concentration [54]. This conducted to the formation of more than 

20 g/L of low molecular weight PCL oligomers starting from 200 mM cyclohexanol concentration. 
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Figure 1.7. Enzyme cascade to produce ε-caprolactone from cyclohexanol. Adapted from [55]. 

 

Similarly, Tian et al. exploited the use of these two enzymes, alcohol dehydrogenase (ADH) from 

Lactobacillus kefir to oxidise cyclohexanol to cyclohexanone, and mutated CHMO to transform 

cyclohexanone in ε-CL, which were displayed separately onto the surface of different Gram-negative 

bacteria, Escherichia coli, after their modification, to produce ε-CL from cyclohexanol [57]. The 

results indicated that the activity of surface displayed ADH was the limiting factor due to the strong 

inhibitory effect of the initial substrate, cyclohexanol, on CHMO activity. To cite an example, 50 mM 

cyclohexanol generated a decrease CHMO activity to less than 12%. Therefore, the authors proposed 

to reduce the number of total cells and increase the ratio of ADH displaying cells to CHMO displaying 

cells far beyond 10:1 to increase the overall chemical yield. Another solution proposed was related to 

the continuous feeding of cyclohexanol to reduce its inhibitory effect on CHMO activity. Although 

there are still limitations to overcome, these results indicate the potential of surface displayed 

enzymes to perform cascade reactions. Differently, Bretschneider et al. evidenced the possibility to 

directly produce another important PCL precursor, 6-hydroxy-hexanoic acid, from one pot bacterial 

oxidation of cyclohexane, by recombinant Pseudomonas taiwanensis harboring a 4-step enzymatic 

cascade without the accumulation of any intermediate (Figure 1.8). In detail, the bacteria were 

supplemented with 0.5% (w/v) glucose as the sole carbon and energy source. Also in this case, product 

inhibition and substrate toxification were identified as the main limiting factors of the biocatalytic 

performance of this system. In a recent review, other synthetic routes based on the catalytic 

hydrogenation of biobased molecules from renewable resources, such as 5-hydroxymethylfurfural 

(HMF) to prepare 1,6-hexanediol (1,6-HD) as substrate for the mass production of important 6-carbon 

chemicals such as 6-hydroxy hexanoic acid (6-HHA), adipic acid (AA) and ε-CL are reported (Figure 

1.9). For example, 1,6-HD can be used in turn to produce ε-CL through chemical or enzymatic 

processes. Specifically, Pyo et al. used Gluconobacter oxydans to oxidize 1,6-hexanediol selectively 

at pH 6–7 to 6-hydroxyhexanoic acid. This was subsequently converted to ε-caprolactone by catalytic 
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cyclization, by using reusable 4 Å zeolites and acidic ion exchange resin, in dimethylformamide at 

130–160 °C. The combination of the heterogeneous catalysts provided the formation of ε-CL with 

74.4% selectivity and 98.3% 6-HHA conversion after 6 hours of reaction [52].  

 

 
 

Figure 1.8.  Biocatalytic cascade for 6-hydroxyhexanoic acid (6HA) synthesis from cyclohexane with P. 

taiwanensis_6HA. Adapted from [58]. 

 

Starting from this diol, Kara et al. reported oxidative lactonization of 1,6-HD in a two-liquid phase 

system, composed by water and diisopropyl ether, using horse liver alcohol dehydrogenase 

(HLADH), obtaining a 26% yield of ε-CL after 96 hours.In another paralled study about the use of 

biomass derived feedstocks, Thaore et al. presented a techno-economic analysis of ε-CL production 

from corn stover via HMF and 1,6-HD where a process model for the conversion of biomass to 

caprolactone via glucose and HMF was developed [59].  

 

 

 
 

 
Figure 1.9.  Integrated microbial-chemical synthetical pathways to produce biobased 6-hydroxyhexanoic acid (6-HHA), 

adipic acid (AA), and ε-caprolactone (ε-CL) via 5-hydroxymethylfurfural (5-HMF) and 1,6-hexanediol (1,6-HD). IEx: 

ion exchange catalyst. The route can also be used to produce ε-caprolactam and 1,6-hexamethylenediamine (1,6-HMD) 

through amination steps (dotted arrows). Adapted from [52]. 
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In this case two crucial points such as overall sustainability in terms of economic and environmental 

impact factor, i.e. GHG emissions, were addressed. From this study it was possible to predict a 

competitive minimum sale price for the biobased monomer, which was estimated to be between 1618-

1815 US $/tonne, being comparable with the actual price for the ε-CL available on the market. 

 

 

1.3 Polymer Synthesis 
 

The first attempt of preparation of PCL was performed in 1934 by Van Natta et al. by simple thermal 

treatment of ε-CL [60]. Other syntheses were performed by polycondensation of 6-hydroxycaproic 

acid and by radical ring opening (RROP) of 2-methylene-1,3-dioxepane (MDO) [30]. Even if many 

work were focused on the last two approaches, PCL is still mainly prepared by metal-catalyzed ring 

opening (ROP) of the lactone with the polycondensation and the RROP routes being the less used 

(Figure 1.10).  

 

 
 

Figure 1.10. PCL synthesis routes: ROP of ε-caprolactone, polycondensation of 6-hydroxycaproic acid, RROP of 2-

methylenedioxepane. Adapted from [30]. 

 

In particular, polycondensation is based on an equilibrium esterification process which generates 

water that needs to be removed, e.g., under reduced pressure in order to reach high molecular weights 

during the polymerization, making the process economically disadvantageous. 

 

1.3.1 Polycondensation  

 

The polycondensation reaction of 6-hydroxycaproic acid appears to be the least widely used synthetic 

pathway to produce PCL, despite the large number of patents describing the preparation of aliphatic 

polyesters from hydroxycarboxylic acids. To date, there are no industrial uses for this type of process, 
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and even on a laboratory scale it is one of the least favoured methods. Since it is based on an 

esterification process, i.e., on an equilibrium reaction and with the formation of water as by-product, 

this would have to be continuously removed from the reactive mixture during the polymerization 

process to move the equilibrium towards polymer formation [61]. This operation, which must be 

performed under reduced pressure, would make it difficult to obtain polymers with high molecular 

weight making the whole process disadvantageous from an economic point of view. The only example 

of classical hydroxyacid polycondensation reaction reported to date in the literature refers to the 

preparation, by Braud et al., of PCL oligomers by polycondensation of 6-hydroxyhexanoic acid under 

vacuum, without the addition of catalyst, by increasing the temperature from 80 to 150 °C over the 

course of 6 hours [62]. Few other examples where enzymatic polycondensation of the hydroxyacid 

or their respective hydroxyesters can be mentioned. Mahapatro et al. prepared PCL with an average 

molecular weight of 9000 g/mol and a polydispersity below 1.5 by polymerization of 6-

hydroxycaproic acid in bulk at 90 °C for 48 hours using a 10% wt respect the monomer of supported 

Candida antartica lipase B (Novozym 435®) and applying a 10 mbar of continuous vacuum to the 

system to remove the formed water [63]. Dong et al. obtained an average molecular weight of 5400 

g mol−1 and a polydispersity of 2.26 after 20 days with 82% monomer conversion by polymerization 

of 10 mmol of ethyl 6-hydroxycaproate at 45 °C for 20 days using 40 mg of Pseudomonas sp. lipase 

without removal of the formed ethanol [64]. These results demonstrate that it is generally not possible 

to obtain high molecular weight polymers through this synthetic pathway. Indeed, in this is work is 

remarked that the polymerizations using lactones instead of hydroxyacids/hydroxyesters as the 

monomers are superior, with the only exception of γ-butyrolactone [64]. However, it is still important 

to consider that there are no reported examples of PCL preparation through the use of Lewis acid 

catalyzed polycondensation of 6-hydroxycaproic acid, which could potentially lead to higher 

molecular weights and satisfactory yields. 

 

1.3.2 Radical Ring Opening Polymerization (RROP) 

 

This type of approach, first developed by Bailey et al. in 1982 [65], has a high synthetic potential 

since it allows to combine, in different ways, the typical PCL repetition unit deriving from the radical 

ring opening of the 2-methylene-1,3-dioxepane (MDO) with different vinyl monomers to originate a 

whole series of biodegradable poly(vinyl-co-esters). Some examples of monomers that can be used 

in the copolymerization with MDO are propargyl acrylate, methyl acrylate, methyl methacrylate, 

dimethylaminoethyl methacrylate, glycidyl methacrylate and styrene. In this type of reactions, 

conventional thermally activated radical initiators such as azo-bis-isobutyronitrile (AIBN) [66] or 

organic peroxides such as tert-butyl peroxide are generally used. In addition to MDO, other cyclic 
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ketene acetals monomers such as 2-methylene-1,3-dioxe-5-pene (MDE) [67] and 2-methylene-1,3,6-

trioxocane (MTC) [68] are often employed in radical copolymerizations to introduce hydrolysable 

segments in the polyacrylate backbone. This class of monomers can also be employed in controlled 

reversible addition-fragmentation chain transfer (RAFT) and radical atom transfer polymerization 

(ATRP) reactions, which makes possible to prepare systems characterized by well-defined molecular 

geometries and masses [69,70]. It has been observed that the chain sequence of produced pseudo-

PCL copolymers, as well as the reaction mechanism is strongly dependent on the type of cyclic acetal 

ketene and vinyl compound used, their ratio and the temperature used [30]. For example, by using 7-

membered cycles ketene acetals it is possible to obtain quantitative yields even at 50 °C, a relatively 

low temperature. This synthetic way allows to produce very interesting polymers since it enables the 

introduction of different functional groups along the PCL chains, a polymer devoid of chain 

functionalities. In this sense, it is also equally important to observe that the structure of the PCL 

obtained from RROP on MDO is completely different from that of PCL obtained by conventional 

metal-catalyzed ROP of ε-CL, due to the presence of ramifications generated by 1,4 and 1,7 H-transfer 

radical reactions (Figure 1.11). These occur during the polymerization step and can lead to a 

branching density that in some cases can reach 20%. Moreover, by modifying the reaction conditions, 

it is also possible to completely suppress 1,4 H-transfer reactions and obtain, in a selective way, only 

ramification generated only by 1,7-H transfer reactions. As conceivable, the high number of pendant 

groups generated in this way hinders the development of crystallinity, enabling the production of 

highly amorphous PCL. Some works have demonstrated how blends containing amorphous PCLs 

prepared by RROP, mixed with linear semicrystalline PCLs synthesized from classical ROP had 

improved degradability due to the greater speed of degradation of the amorphous component. In this 

sense, Agarwal et al. prepared solvent casted PCL films with improved compostability for packaging 

applications, by blending, over the entire concentration range, conventional PCL (Mn = 42500 g/mol) 

with a totally amorphous PCL obtained from RROP of MDO with AIBN (PCLB). The addition of 

even low % PCLB was able to increase the transparency and improve dramatically the degradation 

of the material without affecting its thermal stability [71]. The presence of PCLB also affected the 

crystallinity content and the spherulite size of crystalline domains of the resulting films, reducing 

their tensile strength and modulus. 
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Figure 1.11. Branched structures found in PCL obtained by RROP of MDO through 1,7- and 1,4-H- abstraction. 

Adapted from [30]. 
 

 

1.3.3 Metal-Ring Opening Polymerization (ROP) 

 

As previously mentioned, the most synthetically used methodology to produce PCL, due to the low 

costs and high efficiency, is based on the metal-catalyzed ROP reaction of ε-CL, placing this synthetic 

route in perfect overlap with what is used in the industrial production of some other 

polyesters/polycarbonates [72–74]. Curiously, towards the first half of the 1970s, some multinational 

oil companies, driven by the wide commercial availability of lactones and lactides, invested huge 

resources in the search for the most suitable catalyst for their polymerization, so much so that for this 

type of reaction it was possible claim that catalytic systems have been developed with almost all the 

elements of the periodic table. From a purely theoretical point of view, this type of polymerization 

reaction is applicable to any type of cyclic lactone; in practice, factors such as thermodynamics and 

kinetics of the process play a key role. As widely reported in the literature, for almost all cyclic esters 

the driving force that makes their polymerization possible is given by the ring strain [75]. It reflects 

the energy present in excess in the molecule and due to some factors, such as the variation of bond 

angles and lengths compared to those of equilibrium or the presence of non-bonding interactions (e.g., 

repulsive) between various substituent groups. In case the monomer-polymer-solvent interactions can 

be neglected, the polymerization enthalpy, shown in Figure 1.12, is directly dependent on the ring 

strain. As about entropy, in these processes it is always negative due to the granting of the degrees of 

translational freedom since we go from single molecules to a single macromolecule. As shown in 

Figure 1.13, the exergonicity of the process is guaranteed only when |ΔHp| > TΔSp and it turns out 

that the higher is the strain, the lower is the monomer concentration at equilibrium at a given 

temperature [75]. 
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Figure 1.12. Thermodynamic polymerization parameters characteristic of some cyclic lactones. Adapted from [75]. 

 

In the case of ε-CL, the main reason of ring strain is attributable to the presence of the carbonyl group, 

due to its planar geometry, and to some steric interactions between the methylene unit hydrogens that 

lead to a distortion of the natural bond angles in the 7-membered cycle. Because of the 

aforementioned reasons, γ-BL, a lactone devoid of ring strain, is incapable of reaching high molecular 

weights during polymerization [75]. 

 

 

Figure 1.13. ΔGp, ΔHp, and ΔSp values for some lactones as a function of ring size, considering a temperature between 

350-430K, with molten monomer and polymer. Adapted from [75]. 
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As far as kinetics are concerned, the reaction rate constant kp is dependent on ΔGp
ǂ according to 

Equation 1.1. 

 

Equation 1.1. kp = polymerization rate constant, kb = Boltzmann constant, h = Planck constant, ΔGp
ǂ = Gibbs 

activation energy for the polymerization process, ΔHp
ǂ = activation enthalpy, ΔSp

ǂ = activation entropy, R = gas 

constant. Adapted from [75]. 

 

In metal-catalyzed ROP processes, the conformation of the lactone plays a key role in the kinetics 

since the reaction passes through the attack of nuclophilic active species on the carbonyl. Any type 

of steric hindrance around is capable of significantly increase the ΔSp
ǂ, reducing the rate of the 

process. This is what occurs in very planar systems such as β-BL, where despite the presence of 

sufficient ring strain, carbonyl is more difficult to be attacked. Conversely, in ε-CL this phenomenon 

is reduced thanks to its slightly puckered conformation, shown in detail in Figure 1.14. 

Experimentally, for these two monomers, a comparison was made by performing ROP in THF at 

80 °C with [M0] = 2 M and Al(OiPr)3 as catalyst/initiator which resulted in huge difference in the kp 

value:  kp(β-BL) = 4·10-3 L mol-1s-1 and kp(ε-CL) = 30 L mol-1s-1. 

 

Figure 1.14. β-BL planar (left) and ε-CL puckered (right) conformations. Adapted from [75]. 

 

In other studies, it has been experimentally observed that for larger lactones, the polymerization rate 

decreases and remains constant in cycles from 12 to 17 terms. This feature is once again attributable 

to the strain, which is partially relieved during the transition state, leading to a drop in the ΔHp
ǂ [75]. 

As far as the number of catalysts and initiators that can be used in this process is concerned, there are 

many and every year a few dozens are discovered; for this reason, metal-catalyzed ROP can therefore 

be ideally divided into many subcategories. While relatively weak nucleophiles such as carboxylates 

of alkali metals such as Li+, Na+, K+ can be used for particularly stressed esters such as propiolactone, 

these are not sufficient for less tensioned rings such as ε-CL which requires stronger and more reactive 

species such as alkoxides. In these cases, the reaction can be defined as anionic ROP and uses covalent 

alkoxides of metals with an acidic Lewis character (Ti4+, Sn2+, Sn4+, Al3+, Zn2+, etc.). Depending on 
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the substituents of the alkoxy residue, they can initiate the reaction in two ways; those that are more 

sterically hindered favor a deprotonation process on the α position adjacent to the carbonyl of the 

lactone with the formation of an enolate ion which in turn acts as an initiator, conversely, those with 

less bulky substituents are able to directly attack the carbonyl carbon, through an SNAc mechanism. 

All this is presumably assisted at the same time by coordination processes, in relation to the type of 

cation involved. If, on the other hand, carboxylates or acetylacetones of these metals are used, it is 

necessary to use a co-initiator which is generally a basic species of Lewis, in particular an alcohol or 

amine. There is also a curious difference in reactivity between β-lactones and larger lactones when 

initiating such reactions using alkoxides. As shown in Figure 1.15, the former can undergo ester bond 

breaking from the carbonyl side via SNAc and from the alkyl side via SN2 in a ratio of 1:1, while the 

latter can only be broken from the carbonyl side via SNAc [75]. 

 

 

Figure 1.15. Effect of the attack of different alkoxides without (left) and with (right) steric hindrance on β-

propiolactone and ε-CL. Revised and adapted from [75]. 

 

The use of strongly basic species, on one hand favours the process due to their reactivity, on the other 

hand it puts in front of the possibility of having undesired side reactions, therefore it is also necessary 

to consider the selectivity which is generally defined as the kp/ktr ratio. The subscript “tr” refers to the 

transesterification reactions that can occur between the terminal of the alkoxy chain (reactive species 

that propagates polymerization) and the ester bonds present in the already formed chains. These 

detrimental processes are the basis of an increase in the polydispersity index during the 

polymerization process. In this case, covalent alkoxides and carboxylates of transition metals, thanks 

to their very good coordinating properties, possess a greater selectivity than their non-covalent alkali 

counterpart. This allows them to be used in the synthesis of polymers with complex molecular 

geometries, where high degree of control over the polymerization process and molecular weight are 

required [75]. In the polymerization of lactides and ε-CL, a covalent tin carboxylate, tin(II) 2-

ethylhexanoate, namely tin octanoate, Sn(Oct)2 (Figure 1.16) is widely employed. It exerts its action 
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through the interaction with a species that acts as a co-initiator, which can be present as an impurity 

or voluntarily added to the system in a controlled manner. The co-initiator is generally a hydroxyl 

(water, alcohols, carboxylic acids, etc.) or amino containg species, and participates in the formation 

of a mixed complex with the catalyst. 

 

 

Figure 1.16. Sn(Oct)2 catalyzed ROP assisted by coordination-insertion reaction mechanism. Adapted from [1]. 

 

This mixed complex arises from the exchange of ligands on tin octanoate and produces alkoxy ligands 

capable of to initiate the reaction in the same way as when using real alkoxides. Kowalski et al., by 

means of MALDI-TOF spectrometry studies on the ROP of (L,L)-lactide and ε-CL using Sn(Oct)2  

and n-BuOH as initiators, were able to prove the existence of a certain population of linear and cyclic 

macromolecules containing bonded tin atoms. This finding, combined with observations on the 

polymerization kinetics, allowed to confirm an active chain end character possessed by this 

mechanism. Under typical polymerization conditions, species such as OctSnOR, and Sn(OR)2 have 

been observed in addition to all those having as an alkoxy group the one deriving from the 

macromolecular chain terminal [76,77]. 
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1.3.4 Enzyme-catalyzed ROP (eROP) 

 

Enzymatic polymerizations are nowadays considered a pinnacle in the field of polymer synthesis 

since they can represent a real alternative to the previously introduced organo-metallic catalysts (e.g. 

through Zn, Al, Sn or Ge compounds) which are known to be often cytotoxic to cellular systems and 

difficult to remove from polyesters due to their oxyphilic character [78,79]. When compared with 

transition metal catalyst polymerizations, enzymatic polymerizations are more attractive for 

biomedical applications due to the possibility to produce a metal-free polymer containing less by-

products and having a good biocompatibility. However, nowadays, the industrial application of eROP 

is still absent due to intrinsic limitations related to the scarce availability of enzymes on a large scale 

and their high cost as well as the limited molecular weights that can be generally obtained with this 

type of catalysis [80]. Indeed, eROP of lactones is affected by some limitations in the kinetics, which 

is usually slow and in the number of monomers that can be polymerized [81]. For this purpose, lipases, 

a class of enzymes very abundant in the animal kingdom, would appear to be the best enzymes for 

catalyzing ROP reactions, especially of lactones and cyclic carbonates, as well as polycondensation 

reactions, as shown in the related paragraph. In detail, lipases are a class of serine hydrolases enzymes 

which are capable, under physiological conditions, to speed up the hydrolysis reaction of 

triglycerides, to release free glycerol and fatty acids, in biological systems. Varying the environment 

by placing them in organic systems without water allows them, by shifting the reaction equilibrium, 

to be able to operate in the opposite direction, i.e., by catalyzing the formation of ester bonds. 

Historically, lipase-catalyzed ROP was developed by Kobayashi et al. to synthesize poly(ε-

caprolactone) (PCL) by exploiting Pseudomonas fluorescens lipase [82]. Nowadays, among the most 

used lipases we can include Candida antarctica lipase B (CalB) [64,83–85], which active site is 

reported in Figure 1.17. Some important studies have focused on the effect of the solvent in the 

polymerization of ε-CL in the presence of CalB. Kumar et al. observed that the use of solvents with 

a higher logP (between 1.9 and 4.5) allows the speed of molecular weight propagation and conversion 

to be increased. In particular, the best results were observed with toluene, because it behaves as a 

solvent towards both the monomer and the polymer. It was also hypothesized how it could stabilize 

the structure of CalB, allowing it to work even at a temperature of 90 °C in the place of the 70 °C 

studied, reaching a conversion of 90% in 2 hours using 1% of Novozym 435 respect monomer weight 

[83]. Furthermore, this approach, like ROP and RROP, gives the possibility to incorporate during the 

polymerization, other cyclic or linear monomers. As demonstrated by Dong et al., ε-CL can be 

copolymerized efficiently, in presence of Pseudomonas sp. lipase with some cyclic and linear 

monomers except for γ-BL. 
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As reported in Table 1.2, its combination with cyclopentadecanolide, a 15-carbon atoms macrocyclic 

lactone, afforded the highest molecular weight product (8.4 kDa) even though the monomer 

conversion of cyclopentadecanolide was limited (67%). 

 

 

 
 

 
Figure 1.17. CalB active site pocket: ε-CL substrate in the reactive complex (RC) (a) and intermediate structures (INT-

1) (b), where the lactone is attacked by a serine residue to form a tetrahedral intermediate. Adapted from [86]. 

 

Interestingly, it was also found that the copolymerizations of ε-CL with lactones produced higher 

molecular weight polymers than those with corresponding linear ethyl hydroxyesters. The 

copolymerization of ε-CL with γ-BL and ethyl 4-hydroxybutyrate gave an opposite result, probably 

for the low strain that characterize this lactone which, as discussed in the metal-catalyzed ROP 

paragraph, negatively affects the thermodynamic of polymerization. The results also indicate that the 

macrocyclic lactone was more easily copolymerized with ε-caprolactone compared with small ring 

lactone, lactide and γ-butyrolactone. 

 

Table 1.2. Copolymerization of ε-CL with different monomers catalyzed by Pseudomonas sp. lipase. Adapted from [64]. 
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1.3.5 Organocatalyzed ROP 

 

Organocatalyzed ROPs, like previously mentioned eROPs, are highly valuable synthetical methods 

when there is the need to produce metal-free polymers. In this section, only some of the most 

important catalytic systems will be mentioned since there are dozens of classes of compounds capable 

to catalyze ROP of lactones that were reported in the literature over the years. Among the most used 

molecules, a special mention goes to different types of bicyclic and aromatic [87,88] amines and other 

nitrogen containing compounds such as ureas [89], thioureas [90,91], imidazolium compounds [92] 

and N-heterocyclic carbene (NHC) [93]. Many studies focused on the use of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), two non-

nucleophilic bases characterized by different modes of action that are widely used in organic synthesis 

as catalysts. TBD is reported to be a highly active ROP catalyst in conjunction with alcohol initiators 

and it is for the preparation of polyesters with well-defined structures in short time under mild 

conditions. For example, Dzienia et al. compared water-initiated ROP over a broad range of 

temperature and pressure conditions using DBU and TBD [94]. However, it was found that the 

activity of TBD can be disrupted when water is used as initiator leading to the complete loss of control 

over the reaction due to enhanced termination processes, even at high pressures. It was thought that 

water can suppress its double catalytic activity by protonation. Differently, DBU shows only 

sufficient activity in the polymerization of lactides and poor activity in the polymerization of lactones 

under ordinary conditions and has a low degradation temperature (353 K). A completely different 

situation was evidenced under pressure (p = 500 MPa, T = 393 K) where DBU showed increased 

thermal stability and the possibility to catalyze ROP of ε-CL with a linear increase of molecular 

weight with conversion to form polymers with moderate dispersity (Đ = 1.03–1.56) and molecular 

weight values (Mn = 16.7 kg/mol) due to the enhanced protonation (Figure 1.18).  

 

 
Figure 1.18. Plausible mechanism for DBU/water system via an acid-conjugated base pair. Adapted from [94]. 
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Furthermore, MALDI-TOF characterization showed that the synthesized polymers were telechelic 

with a variable content of cyclic side products that was dependent on the reaction conditions used 

caused by an augmentation of the chain transfer reactions in a high viscosity regime.In another work, 

Chen et al. were able to validate the efficacy of DBU as catalyst in the 

polymerization/copolymerization of ε-CL, lactide (LA), valerolactone (VL) and trimethylene 

carbonate (TMC) by using different initiators and conditions, to obtain telechelic polymers with 

different end functionalities. In particular, PCLs with narrow dispersity, controlled molecular weight 

and good conversion were obtained. DFT calculations attested that a 22 kcal/mol energetic barrier 

exists for the monomer attack step in ROP process (Figure 1.19) which explains why its catalytic 

activity is displayed only at relatively high temperature (above 80 °C). Moreover, the high activity 

displayed by DBU towards ROP of LA, VL, TMC disclose its application in the preparation of 

biodegradable and biocompatible copolymers. 

 

 

Figure 1.19. Density functional theory (DFT) calculations (M06-2X/6-311++G(d,p)/IEFPCM level of theory) for the 

plausible activated alcohol initiator/chain-end mechanism in the DBU catalyzed ROP reaction. Adapted from [95]. 

 

Other novel and efficient bifunctional organocatalysts, such as phosphoramidimidates (PADI), were 

employed by Zhang et al. in the ring opening polymerization of ε-CL to obtain metal-free PCL with 

narrow dispersity (1.06-1.22) and high molecular weight (> 60 kg/mol) in mild conditions through a 

living and controlled polymerization process [96]. In this work, polymerization of ε-CL was studied 

by comparing the activity of some catalysts such as diphenyl phosphoric acid (DPP) and 
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imidodiphosphorimidate (IDPi) with PADIs characterized by different structures (Figure 1.20), using 

a ratio [M]0/[I]0/[catalyst]0 of 100/1/0.1, at room temperature. In three hours, a conversion of 44% 

and 76% was observed for DPP and IDPi respectively, while PADIs provided values between 88-

93%. 

 

Figure 1.20. PADI acid catalysts tested for the ROP of ϵ-CL and their proposed catalytic mechanism on this monomer. 

Adapted from [96]. 

 

Furthermore, the living character of the polymerization catalyzed by PADI 5 was proven by extension 

of low molecular weight linear PCLs through further addition of ε-CL or δ-VL in the reaction mixture, 

to form copolymers. The versatility of PADI 5 was exploited also in the preparation of linear and star 

shaped polymers with 2, 3 and 4 arms characterized by low molecular weight and narrow dispersity 

using δ-VL and ε-CL in presence of 2-ethyl-2-(hydroxymethyl)propane-1,3-diol and pentaerythritol 

as initiators. Another study by Li et al. reported the synthesis of PCL by using ethyl 

diphenylphosphinite (EDPP) as an initiator and diphenyl phosphate (DPP) as a dual role 

organocatalyst [97]. The ROP in the DPP/EDPP system proceeded through an activated monomer 

mechanism supported by the reversible chain end activation/deactivation process provided by the 

equilibrium reaction between a phosphinite active center and its protonated dormant form. This shows 

living properties typical of group transfer polymerizations, which were proved by chain extension 
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experiments. Furthermore, it is believed that, given the ability of the phosphinite group to be 

preserved at the chain end after purification with non-nucleophilic solvents, these functionalized 

polyesters are characterized by auto-antioxidant properties, which are very important for industrial 

applications. Interestingly, these could be kept unchanged using bulk polymerization, without the 

need of any additional purification step enabling the development of a green chemistry compliant 

process. Another interesting class of compounds was used by Cheechana et al. which synthesized and 

employed bis(N-(N′-butylimidazolium)alkane dicationic ionic liquids (DIL) with different structures 

as non-toxic catalyst in the ROP of ε-CL, in bulk, using 1-butanol as initiator. For these systems, the 

authors reported, in the best conditions used (120 °C, 72 hours), conversions up to 95% with Mw of 

PCL 20130 g/mol (Ð~1.80). It was found that the polymerization rate of ε-CL was inversely 

correlated with the linker chain length of DILs. A DFT mechanistic study was performed using 

B3LYP (6–31G(d,p)) revealed a stepwise coordination/insertion mechanism for this process in which 

the rate-determining step is the alkoxide insertion. The authors found that the effectiveness of the 

synthesized DILs was equivalent, under the condition used in this work, to the conventional catalytic 

system based on Sn(Oct)2. Moreover, based on cytotoxicity tests against monkey kidney epithelial 

cells, the synthesized DILs exhibited less cytotoxicity than 1% DMSO, used as standard, enabling 

these catalysts to be used in the preparation of metal-free biomedical grade polycaprolactones. 

 

 

1.4 Star-shaped polymers: synthetical approaches 
 

 

Star-shaped polymers, the main object of this thesis, include a wide range of macromolecules with 

complex macromolecular geometry and linear chains which compose the shell, more than 3 in 

number, starting from a central area called the core. Thanks to their shell-core structure, it is therefore 

possible, in some cases, to obtain different types of molecular architecture, presented in Figure 1.21. 

In fact, the great interest in stellar polymers is attributed to their unique topological structures, 

maintaining spatial characteristics that deviate strongly from linear polymers, which leads to 

interesting physical/chemical properties, including lower viscosity in dilute solutions, better 

encapsulation capacity, different internal and peripheral functionality and greater response to stimuli 

[98]. 
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Figure 1.21. Main structural classes of star polymers. Adapted from [99]. 

The most widely used approaches in their synthesis are countless and can be grouped into three main 

types as carried out in a comprehensive review by Ren et al.: core-first, arm-first and grafting-onto 

also defined as coupling-onto [99]. The choice of one method over the others is usually dictated by 

the type of star structure to be obtained, the type of chemical precursors of cores and arms and the 

type of synthetic approach that is decided to be used during the various phases of construction of the 

macromolecule. 

1.4.1 Core-first approach 

 

The core-first method is based on the use of a multifunctional initiator, in which there must be reactive 

sites, characterized by high and identical reactivity, necessary to generate an equal number of arms 

and to allow the start of polymerization process as synchronous as possible Figure 1.22. Moreover, 

to obtain arms of the same identical molecular weight, the reaction rate between reactive groups (I) 

and the first monomer molecule (A) that is added must be much greater than the propagation rate of 

the chains. The main advantages of this method are the good yield, which is generally high, and the 

ease of separation of the product, which can often be recovered by non-solvent precipitation 

techniques.  

 

 

Figure 1.22. Schematization of the synthetic core-first approach. Adapted from [99]. 
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Some disadvantages include the impossibility of producing miktoarm-type structures unless 

orthogonally reactive or protection groups are used. Moreover, on these systems it is impossible to 

directly determine the molecular weight of the individual arms, except in cases where they can be 

selectively detached from the core. This type of approach is generally not recommended to obtain 

polymers through classical radical polymerization reactions as they could lead to disproportionation 

reactions of the chain terminal radical or to the termination between radicals belonging to the arms 

of different molecules. Consequently, it could result in the formation of products of star-star coupling, 

cyclic structures, and loss of control over the molecular weight to form structures literally called “ill 

stars”. On the other hand, this method lends itself very well to the preparation of star systems by ROP 

reactions on LA, ε-CL and other lactones with very good results [99]. 

 

1.4.2 Arm-first approach 

 

This method is diametrically opposed to the previously described one, since it is convergent in nature, 

it in turn consists of three subgroups illustrated in Figure 1.23: macroinitiator (MI), macromonomer 

(MM) and self-assembly cross-linking (SC). The first step, common to all these categories, involves 

the preparation of the linear macromolecules that will make up the so-called arms. Depending on the 

category, these chains will have at the end: an initiating group (MI), a polymerizable group (MM) or 

a group capable of generating cross-linking (SC). In the preparation of arms, polymerization 

techniques capable to provide a high control over the molecular weight of the functionalized linear 

chains are preferred. In the second step, called “star formation”, a polymerization reaction is started 

by the terminals which behave as initiators (MI), monomers (MM) or cross-linkers, depending on the 

case. Often the arms are studied and designed to be able to aggregate autonomously in micellar 

geometries to facilitate the formation of the core and decrease the probability of undesirable star-star 

coupling side reactions. In the MI category, the core is generated only if a monomer with at least two 

reactive functional groups on the end is polymerized (or even better if there are more than two, to 

facilitate cross-linking and the formation of the core). Differently, for MM, only a small molecule is 

needed to act as an initiator. In SC, coupling reactions are widely used in the formation of the core, 

with the preference of having small and multifunctional ad hoc prepared molecules inserted as 

terminal groups of the linear chains. For this purpose, many click reactions such as thiol-yne reaction 

and a large part of copper click chemistry (e.g., Huisgen 1,3 DCA, CuAAC etc.) are widely used. A 

great advantage that characterizes this method is related to the possibility to check and verify the 

actual size of the arms before their use. Among the disadvantages, the lack of control over the number 

of arms that form the core can be mentioned. This dependends on several parameters including 
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arms/crosslinker ratio and reaction time. Other drawbacks are related to the yields that are sometimes 

limited since not all arms are able to take part in the star formation process and to an additional 

separation step, required to separate the star product from the reaction mixture, that need the use of 

chromatography, precipitation or dialysis. Another remarkable aspect of this method lie in the 

possibility of using very long chains (with Mw > 106 g/mol) and in high number (>100). Interestingly, 

the cross-linked macromolecular structure of the core of the star structures produced with this method 

can reach values up to 30% of the total mass of the system [99].   

 

Figure 1.23. Subcategories of arm-first approach: macroinitiator (MI), macromonomer (MM) and self-assembly cross-

linking (SC). Adapted from [99]. 

 

1.4.3 Grafting-onto/coupling-onto 

 

Among the three methods described, it is the one that allows to have the highest degree of structural 

control, since cores and arms are synthesized separately and therefore can be characterized before the 

final coupling reaction. Typically, structures with relatively small cores and low arm count are 

prepared, depending on the number of reactive sites (4 to 8). Due to the limits imposed by the number 

of the latter and the relative steric bulk, which can be generated during the coupling phase with the 

chains, it is difficult to be able to covalently tie more than 20 arms on the same core. To partially limit 
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this steric-entropic phenomenon, the reaction can be carried out using an excess of arms compared to 

the stoichiometric quantity and for longer times. Similar to the arm-first method, the product recovery 

step requires careful separation from unreacted chains. Like the previous one, it lends itself very well 

to the preparation of miktoarm stars using a mixture of different chains having the same terminal 

reactive group. The use of cores containing sets of reactive groups orthogonal to each other opens the 

possibility of hybrid synthesis, such as the one shown in Figure 1.24, which can sometimes even 

become one pot. One of the problems encountered as in the previous case is related to the steric 

encumbrance of the chains, which in cases of hybrid synthesis could affect the number and 

polydispersity of the chains that are generated in successive steps. Generally, even in this case, the 

grafting efficiency is related to the geometry and surface density of the sites present on the core. It 

has been demonstrated that large and rigid cores, such as those of a fullerene nature, allow to achieve, 

with click reactions catalyzed by Cu(I), particularly high efficiencies [99]. 

 

 

Figure 1.24. Main subcategories of the grafting-onto (a) and core-first/grafting-onto hybrid approaches (b). Adapted 

from [99]. 
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1.5 Star-shaped PCL: applications 
 

To highlight the great versatility of star-shaped PCL-based systems, in this section, some of their 

major applications are reported by discussing some of the most cited examples taken from the current 

literature. In a particularly intriguing study, He. et al. applied a biomimetic approach to PCL by trying 

to exploit catecholic groups to produce a biocompatible glue [100]. These moieties, naturally 

contained in mussel glue proteins, allow them to adhere perfectly to organic and inorganic substrates. 

Recently, it has been discovered that this kind of adhesion also occurs against biological tissues with 

the formation of covalent bonds between catechol moieties and the various amino and thiol groups 

found in proteins. For this purpose, a 19-arm star PCL was prepared using β-cyclodextrin as initiator. 

Subsequently, through several steps, catecholic groups were introduced to the chain terminals to form 

a functionalized star-shaped polymer defined as s-PCL19-CA9 (Figure 1.25a). The adhesive strength 

of the material was then studied on porcine skin samples by using NaIO4 solution with different 

concentrations, to provide partial oxidation of the catechol groups and generate cross-links (Figure 

1.25b and Figure 1.25c).  

 

 

 

Figure 1.25. Synthesis of s-PCL19-CA9 (a). Illustration of s-PCL19-CA9 adhesive mechanism (b) and lap shear strength 

of s-PCL19-CA9 after oxidation by NaIO4 in different concentration (*p < 0.05)(c). Adapted from [100]. 
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Surprisingly, this was found to be up to 102 ± 10 kPa, a value higher than commercially available 

PEG or fibrin-based bio-adhesives. In another comparable work, different star-shaped tetrafunctional 

PCLs, with molecular weights ranging from 6 to 20 kDa, were functionalized, by using a similar 

multi-step approach, with N-hydroxy succinimide (NHS) end groups to be used as biocompatible 

melt adhesives for wound closure (star-PCL-NHS) (Figure 1.26a and Figure 1.26b). This kind of 

functional groups, which contain a reactive NHS ester, can promote the formation of covalent links 

between PCL chain and the proteins of the tissues. The material was developed to possess a low 

melting point, very close to human body temperature, in order to avoid damage to nearby tissue and 

biologic molecules when applied through the use a hot glue gun.  

 

 

 

 

Figure 1.26. Synthesis of star-PCL-NHS (a). Illustration of the delivery of star-PCL-NHS adhesive directly extruded 

from the heated nozzle, which then solidifies upon cooling, closing exposed cuts and wounds (b). Adapted from [101]. 
 

The results showed that star-PCL-NHS provide a range of adhesive strengths that are significantly 

higher than other bioadhesive systems and possess up to 50% of the adhesive strength of surgical 

cyanoacrylate glue while being less cytotoxic and fully biocompatible. Among the samples, the 13 

kDa star-PCL-NHS displayed better properties for tissue adhesion due to its melting temperature, of 

ca. 45 °C, which is sufficiently above the body temperature. Upon cooling to body temperature, it 

solidifies and maintains good elasticity and adhesion properties [101]. Another biomedical 

application of PCL-based star-shaped polymers can be found in the preparation of micelles for drug 

delivery applications. Gao et al. prepared star-shaped PCL/PEG micelles (SSMPEG-PCL) for the 

delivery of doxorubicin (Dox) in the treatment of colon cancer [102]. The micelles were prepared 

starting by an acrylated monomethoxy poly(ethylene glycol)-poly(caprolactone) (AMPEG-PCL) 

diblock copolymer which self-assembled into micelles when contacted with water. Thanks to the 
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core-shell structure obtained in this process it was possible to exploit the double bonds at the end of 

the PCL blocks for the cross-linking to form 25 nm in diameter star-shaped SSMPEG-PCL micelles. 

The loading of Dox was performed in PBS buffer with high efficiency, with Dox that self-assembled 

into the hydrophobic cores of the SSMPEG-PCL micelles due to its hydrophobic behaviour at that 

pH value (Figure 1.27a). Cytotoxicity of micelle-encapsulated Dox (Dox/SSMPEG-PCL) on the 

colon cancer CT-26 cell line was evaluated in vitro and in vivo on tumour bearing mice inoculated 

with CT26 cells. Results indicated that a single 5 mg/kg Dox/SSMPEG-PCL micelles dose resulted 

in smaller tumours volume, over time, compared with free Dox or unloaded micelles (Figure 1.27b). 

As clearly observed by the authors, after 25 days, the tumours in the group treated with 

Dox/SSMPEG-PCL micelles were significantly smaller than those of the other mice groups employed 

for the test (Figure 1.27c). Interestingly, the Dox/SSMPEG-PCL micelle was shown to enhance 

anticancer activity of Dox and might be a novel carrier for anticancer agents. 

 

 

 

Figure 1.27. Structure and Dox-loading of SSMPEG-PCL nanoparticles (a) and tumour growth over time in mice (b). 

On day 0, C-26 cells were inoculated into the animals. After 7 days, the mice were divided in four groups which were 

injected intravenously with saline (NS), empty SSMPEG-PCL micelles, free Dox, and Dox/SSMPEG-PCL 

nanoparticles. Photos of tumours in each group removed after 25 days (c). Adapted from [102]. 
 

An additional application of star-shaped PCLs in the biomedical context was presented by Ekapakul 

et al. that prepared bioactive composite hydrogels made of chitosan (CS) and star-shaped 

polycaprolactone (stPCL) for wound dressing and bone tissue engineering (Figure 1.28) [103]. The 

addition of stPCL was done to impart good mechanical properties and stability to the composite 

hydrogels. Specifically, the bioactivity was referred to the antibacterial activity, cell viability, skin 

irritation, decomposability, and ability to attach ions for apatite nucleation displayed by the materials. 

The hydrogels were prepared by using a solution approach where a starting CS solution in succinic 

acid was mixed with carboxyl terminated star-shaped PCL (stPCL-COOH) in different ratios at 60 °C. 
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Then the crosslinking with the formation of a covalent network was obtained by adding the 

conjugating agents, 1-ethyl-3-(3-dimetilaminopropyl) carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) and pouring the mix into a mold, overnight at 4 °C. The prepared 

hydrogels showed good transparency and could inhibit bacterial growth of Escherichia coli and 

Staphilococcus epidermis. In addition, extract solution from hydrogels and composite hydrogels 

showed no toxic effects NIH/3T3 fibroblasts, showing cell viabilities above 80%. Skin irritation tests 

conducted on rabbits, revealed no remarkable signs of edema or erythema reactions after two days 

from the injection of hydrogels extract in saline (polar extract) and propylene glycol (non-polar 

extract), confirming the safety of the material for biomedical use on both animals and humans. 

 

 

Figure 1.28. Preparation scheme of chitosan hydrogel (CS) and chitosan/star-shaped PCL hydrogels (stPCL-

COOH/CS). Adapted from [103]. 
 

Moreover, the materials underwent complete degradation after 2 days in a soil burial test, highlighting 

their biodegradable nature. Additionally, calcium and phosphate ions could be induced to grow on the 

hydrogel porous structure by soaking samples in simulated body fluid (SBF). SEM, EDS and XRD 

analyses supported the formation of calcium phosphate and the Ca/P ratio which on the surface of 

composite hydrogel was 1.26 times higher than the neat chitosan hydrogel and was supposed to be 

promoted by the improved interactions between the ionized carboxylic groups of stPCL-COOH and 

calcium ions proving the potential to develop for wound dressing and bone tissue engineering 

applications. Other uses of star-shaped PCL polymers, in virtue of their branched multifunctional 

structure, are in the preparation of polymer additives. For example, Jeong et al. used PCL in the 

preparation of three different, star-shaped PCL-b-PDLA biodegradable diblock copolymeric 

plasticizers, with molecular weights of 5, 10 and 15 kDa respectively, with the aim to improve the 
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ductility of poly(lactic-co-glycolic acid) (PLGA) [104]. To study their influence, these additives were 

added to PLGA in different concentration, ranging from 0.25 to 2% wt%, to prepare PLGA/star-

shaped PCL-b-PDLA thin films by solvent casting technique (Figure 1.29). The addition of these 

additives to the PLGA films disclosed the possibility to obtain a significant increase in mechanical 

properties in terms of elongation at break, without sacrificing some characteristics such as the elastic 

modulus and the yield strength of the starting material. Specifically, the authors pointed out that even 

just the addition of 0.5 wt% of the 5 kDa PCL-b-PDLA additive, dramatically increased the elongation 

at break of the blend which reached approximately 248%. This result was accounted to a strong 

adhesion between PLGA matrix and PDLA segment of PCL-b-PDLA composites due to the presence 

of stereocomplexation, which enhanced interfacial adhesion between the plasticizers and the PLGA 

matrix. This was then confirmed by a morphological characterization which revealed the formation 

of a fibrillated structure and the homogenous dispersion of the additive due to very good level of 

interfacial adhesion obtained. 

 

 

Figure 1.29. Schematic representation of PCL-b-PDLA additive synthesis and their application in the development of 

plasticized PLGA/star-shaped PCL-b-PDLA blends. Adapted from [104]. 
 

Moreover, PLGA/star-shaped PCL-b-PDLA blends exhibited good transparency in the UV-vis range, 

facilitating, in fact, their applicability in the field of packaging. Lyu et al., in another study, prepared 

star-shaped polyhedral oligomeric silsesquioxane (SPOSS)-based multi-arm PCLs with different 

molecular weight for the development of shape-memory (SM) materials [105]. SM behaviour was 
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obtained thanks to the semicrystalline nature of PCL which, when crosslinked in a certain initial 

shape, e.g., like in this work to form polyurethanes (PUs), it can be reshaped and locked into a new 

shape. This can be done, for example, by simple application of a mechanical stress, or by heating 

above the melting point of the crystalline phase, application of a mechanical stress and subsequent 

cooling to reform the crystalline phase, as performed by the authors of this research. The presence of 

crystalline domains is capable to freeze macromolecular segment motions enabling the material to 

stay in a metastable state, keeping the new given shape. To return to the initial shape, it is necessary 

to release the material from the applied stress and heat it again above the melting point of the 

crystalline phase to allow the macromolecular segments stretched by the previously applied stress to 

return to the initial shape. In particular, SM properties when combined with the biocompatibility of 

PCL are a valuable technology for various biomedical applications such as self-deployable medical 

products and drug delivery systems. In a first step, polyhedral oligomeric silsesquioxane (POSS) was 

end-capped with allylic alcohol and then the exposed hydroxyl groups were exploited as base for PCL 

grafting using ROP of ε-CL. Star-shaped POSS PCL were then used in the preparation of a set of SM 

cross-linked polyurethanes (SPOSS-PU) by successive reaction with hexamethylene diisocyanate 

(HMDI) in presence of dibutyltin dilaurate (DBTDL) as catalyst (Figure 1.30a). For these systems it 

was found that thermal actuation properties were significantly affected by PCL arm length of SPOSS-

PU with free strain recovery onset temperatures increasing with the content of the soft segment, i.e., 

molecular weight PCL, as showed also by the melting temperatures found in the DSC analysis. 

Stress–strain–temperature diagrams with free-strain (Figure 1.30b) and fixed-strain recovery (Figure 

1.30c) performed in the range from 20 to 70 °C show in detail the thermo-mechanical behaviour of 

one of the examined SPOSS-PU (SPOSS-PU 160) when subjected to 5 different working cycles, done 

by heating repeatedly the material to 70 °C and then cooling down to 20 °C, to evidence its shape 

memory properties. In particular, the authors found that an increase in the molecular weight of PCL 

chains between cross-links resulted in a lower stiffness of the network, in terms of Young’s modulus 

measured well above PCL melting point at 70 °C, while shorter chains lead to a steeper increase in 

stress leading to a more crosslinked material. This was accompanied by a decrease in load stresses 

during the first cycle, indicating a reduced resistance to strain (Figure 1.30c). Free-strain recovery 

data reported in the work showed a modest increase in shape fixity at higher POSS contents i.e. lower 

soft segment content, i.e., molecular weight of PCL chains, and a decrease by decreasing cross-linking 

density. 
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Figure 1.30. Synthetic route for star-shaped PU networks (a). Cyclic thermo-mechanical measurements (CTM) test 

protocols for SPOSS-PU 160 (Mn,theo = 19742 g/mol) showed as 3D stress–strain–temperature graphs. CTM recovery 

method I display the free-strain recovery profiles (b) while CTM recovery method II shows the fixed-strain (c). Five 

differently coloured thermo-mechanical cycles are reported (εm = 100%). For the sake of clarity, the relevant steps in 

CTM are numbered: specimen deformation (1), shape fixing (2) and unloading (3), constrained stress recovery 

responses of the material (4), followed by unloading to zero stress (5). Adapted from [105]. 
 

For the best performing systems, impressive strain (98%) and stress recovery (100%) values were 

found disclosing their possible practical use. Ultimately, it can be stated that the wide field of 

application of star-shaped PCL as illustrated in this paragraph, from biocompatible adhesives to their 

role in shape memory systems, demonstrates their versatility of use and makes them valuable starting 

substrates for the development of advanced sustainable materials.  
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9.1 Abstract 
 

Vitrimers represent an environmentally friendly class of novel materials, which behave like 

thermosets at room temperature but exhibit thermoplastic flow behaviour when heated, making them 

processable and recyclable, thus extending material life and reducing waste. However, to fully meet 

the current demand for a sustainable economy and close the loop, biodegradability at the end of the 

material life should also be considered, a property that not all vitrimers possess. Based on the above 

issues, this work aimed to develop novel biodegradable vitrimers based on polycaprolactone (PCL), 

an aliphatic and biodegradable polyester, potentially derived from biomass fermentation. In detail, 

three different ad-hoc synthesized star-shaped acrylated PCLs, characterized by different number of 

arms and molecular weight, were synthesized from hydroxyl terminated polymers and used to prepare 

vitrimer systems. Indeed, the above polymers were crosslinked with a fast exchangeable diboronic 

ester dithiol ([2,2′-(1,4-phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane], DBEDT), by exploiting a 

thiol-acrylate reaction without solvent. The formation of a dynamic network was proven by FT-IR, 

DSC, TGA, gel fraction, rheological and DMA measurements. In particular, the activation energies 

for the relaxation process of these materials were verified by rheological measurements in the range 

44-62 kJ/mol. Moreover, all vitrimers, which were completely degraded by enzymatic hydrolysis 

within 12 days, exhibited excellent recyclability and self-healing properties when heated to 180 °C 

before processing.  

 

 

9.2 Introduction 

 

Covalent Adaptable Networks (CANs) have gained considerable attention because they combine 

some of the properties of thermosets, such as creep and solvent resistance, with the reprocessability 

typical of thermoplastic-like materials, thus bridging the gap between these two classes of materials 

[1]. Indeed, CANs have the unique ability to chemically break, reshape or reform their covalent 

network when exposed to external stimuli [2,3] and may represent one of the possible solutions to the 

thermoset recycling problem [4]. These systems can be divided into dissociative or associative, 

depending on how the density of cross-links changes following the stimulus application [1]. In 

dissociative CANs, which present variable cross-link density, dissociation of the cross-links after 

application of the stimulus leads to partial or complete depolymerization of the network. In contrast, 

associative CANs are characterized by a fixed cross-link density because a bond formation process 
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occurs prior to bond breaking, resulting in a dynamic and rapid exchange that softens the material 

when the stimulus is applied [2]. The concept of associative CANs was further extended by the 

introduction of vitrimers, which are characterized by an Arrhenius-like viscosity variation with 

temperature. Indeed, as with CANs in general, the reprocessability of vitrimers enables easy 

mechanical recycling, thus extending the life of the material and reducing its overall environmental 

impact [3]. Despite the above property, vitrimers may be exposed to similar scenarios as conventional 

plastics at the end of their life cycle, leading to their potential disposal in landfills or dispersion in the 

environment, and raising concerns about optical and chemical pollution [4], due to the release of toxic 

species or the formation of microplastics [5]. To reduce the environmental impact, many vitrimers 

are designed by exploiting the use of biobased building blocks [6], but this does not guarantee their 

biodegradability. Therefore, the development of sustainable systems is crucial to fully solve the 

problem of their dispersion in the environment. In this context, the use of polycaprolactone (PCL), 

an aliphatic polyester [7], is very interesting because it is not only biodegradable, but also potentially 

produced from 5-hydroxymethylfurfural (5-HMF), a molecule obtained by fermentation of biomass, 

thus closing the material’s carbon loop [8]. In the literature, the majority of PCL-based CANs are 

mainly of dissociative type and are generally prepared by exploiting the Diels-Alder reaction [9–18]. 

Defize et al. used the above mechanism to prepare PCL-based dissociative networks starting from 

different furan/anthracene systems ad maleimide-bearing star-shaped PCLs [10–12]. Despite the 

dynamicity of the formed network, some drawbacks should be highlighted, such as the time-

consuming synthesis, the toxicity of the maleimides [19], and the decrease of cross-linking density 

with temperature, leading to a relevant worsening of the rheological properties. For PCL-based 

vitrimers, a few examples were described in the literature, where the formation of a dynamic system 

was ensured by exchange reactions involving the ester bond of the polyester [20–22]. Thus, Vallin et. 

al developed a covalent associative nanocomposite network by combining star-shaped hydroxyl-

terminated PCL and methylene diphenyl diisocyanate (MDI) in presence of reduced graphene oxide 

(rGO) by exploiting transesterification and transcarbamoylation reactions [23]. It was demonstrated 

that the rheological behaviour of the above material can be controlled by adjusting the OH:NCO ratio 

and by incorporating rGO as nanofiller. Similarly, Joe et al. prepared PCL-based 4D printable PCL-

based, shape memory vitrimers by reacting a PCL printing resin with polyhexamethylene 

diisocyanate (PHMDI) and poly(styrene-co-allyl alcohol) (PSA) promoting the transesterification 

with Zn(acac)2 [20]. In another work, linear commercial PCL was used together with thermoplastic 

polyurethane (TPU), cellulose nanocrystals (CNC) and a vitrimer (ESO-S) prepared by mixing 

epoxidized soybean oil (ESO) with 4,4′-diaminodiphenyldisulfide (APD). The presence of ESO-S 

was found to improve the interfacial compatibility between TPU, PCL, and CNC, while increasing 
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tensile strength and thermal stability of the material [24]. Despite the interesting properties of the 

obtained materials, the described approaches, generally applied for the preparation of PCL-based 

vitrimers, present some drawbacks mainly related to the use of organic- or metal-based catalyst, which 

can be harmful, and to the uncontrolled changes in the starting polymer topology towards random 

structures due to the transesterification exchange reactions on the polyester backbone [25,26]. On this 

basis, the incorporation of a biopolymer in a vitrimer preparation that does not use catalysts or 

solvents for its preparation while maintaining the degradability of the system is highly desirable. In 

this context, a promising reaction for vitrimer production is the one based on boronic esters, 

compounds first used by Cromwell et al. [27] to prepare exchangeable networks by boronic ester 

transesterification and later by Röttger et al. based on boronic ester metathesis [28]. These boron-

based systems have the advantage of being easily hydrolysed through the B-O bond by the action of 

water or alcohols, producing a hydrolysate that can be recovered and reused to form a new polymer 

[29]. Nevertheless, boronic esters, which are also easy to prepare and exhibit low toxicity [30,31], 

have not yet been employed in combination with PCL-based systems, which may be potentially 

advantageous given the combination of the low melting temperature of this material (< 60 °C) and 

the fast metathesis exchange rate of boronic esters. The aim of this work was to develop biodegradable 

vitrimers, combining for the first time PCL with a boronic ester cross-linker, using an approach that 

does not require the use of solvents and catalysts. In order to verify the influence of polymer structure 

and molecular weight on the final material properties of vitrimers, three different star-shaped PCLs 

with acrylate end groups, characterized by four and six arms and different molecular weights were 

synthesized and applied in the formulation the respective systems. In detail, star-shaped PCLs were 

synthesized by ring opening polymerization of ε-caprolactone using pentaerythritol and 

dipentaerythritol as initiators in presence of tin octoate as catalyst (Figure 9.1). The formed acryloyl-

terminated star-shaped PCLs, prepared by acrylation of the hydroxyl end groups, were then cross-

linked through a thiol-acrylate reaction, under solventless conditions, with a boronic ester cross-

linker, i.e., [2,2′-(1,4-phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] (DBEDT). The formed 

systems were then characterized in terms of their thermal and rheological properties as well as their 

enzymatic degradation and recyclability.  
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Figure 9.1. Preparation of PCL-based vitrimeric networks starting from pentaerythritol or dipentaerythritol as 

initiators. 
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9.3 Materials and methods 

 

9.3.1 Materials 

 

ε-caprolactone (ε-CL, purity = 97%), pentaerythritol (purity = 99%), tin octoate (Sn(Oct)2, purity ≥ 

96%), methanol (99.9%), acryloyl chloride (purity ≥ 99%), toluene (purity = 99.8%, anhydrous), 

dichloromethane (DCM, purity ≥ 99.8%, stabilized with amylene), thioglycerol (purity ≥ 97%), 

benzene-1,4-diboronic acid (purity ≥ 97%), ethanol (purity ≥ 99.8%), potassium carbonate (purity ≥ 

99%) were purchased from Sigma Aldrich. High molecular weight commercial PCL, CAPA 6500® 

(Mw = 50000 g/mol) (PCL-L) was purchased from Perstorp. ε-caprolactone and DCM were purified 

prior to use by vacuum distillation over CaH2 and stored under Ar atmosphere. Pentaerythritol and 

benzene-1,4-diboronic acid were dried in vacuum oven at 40 °C prior use. All the other reagents were 

of analytical grade and used without further purification. Cutinase Novozym 51032 was purchased 

from STREM chemicals. 

 

9.3.2 Preparation of the boronic ester crosslinker  

 

[2,2′-(1,4-Phenylene)-bis[4-Mercaptan-1,3,2-Dioxaborolane] (DBEDT) was prepared according to 

the procedure reported by Zych et al. by condensation of thioglycerol and benzene-1,4-diboronic acid 

in ethanol [32]. The material, after preparation, was stored in a desiccator prior to use. 

 

9.3.3 Synthesis of star-shaped PCLs  

 

Acrylated polymers were synthesized according to a previously reported two-step procedure, starting 

from the synthesis of star-shaped PCL with hydroxyl end groups [33–35] using pentaerythritol or 

dipentaerythritol as initiators (Table 9.1 and Figure 9.2). The type of initiator was chosen to obtain 

4- or 6- armed star-shaped structures, while its amount determined the molecular weight, which was 

set at 1000 and 2000 g/mol per arm. Successively, star-shaped acrylated PCLs were obtained by 

acrylation reaction of PCL-OH using an excess of acryloyl chloride (3 eq. respect terminal -OH 

groups) and K2CO3 (equimolar to acryloyl chloride) in DCM (1 mL/g respect hydroxyl terminated 

PCL) for 48 hours at 30 °C. After the reaction, the solids were removed by filtration and centrifugation 

and the product was precipitated in ice cold methanol (50 mL/g of acrylated PCL). The polymers 

were then vacuum dried in oven for several days at room temperature until a constant weight was 
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reached. Table 9.1 describes the polymers prepared with the synthesis conditions, while the main 1H-

NMR and FT-IR of signals of S41K are given in Table 9.2. The other synthesized polymers were 

characterized by the same signals. The acrylated polymers were defined by specifying the number of 

arms and molecular weight in the code. The example S41K indicates a star-shaped polymer (S) 

prepared using pentaerythritol as initiator with 4 arms (4) and characterized by a molecular weight of 

1000 g/mol (1K).  

 

Table 9.1. Properties of the synthesized PCL-OH. 

*:Theorethical molecular weight per single arm measured on the starting hydroxyl terminated star PCL. 

 

 

 

Fig. 9.2. Scheme of the synthesis of S41K and S42K star-shaped polymers using pentaerythritol. 

 

Table 9.2. FT-IR and 1H-NMR signals of S41K polymers. 

FT-IR [cm-1] 

S41K (with -OH end groups): 2945 (asymmetric -CH2- stretching); 2870 (symmetric -CH2- 

stretching); 1725 (symmetric >C=O stretching); 1297 (-C-O- and -C-C- stretching); 1242 

(asymmetric -C-O-C- stretching); 1179 (symmetric -C-O-C- stretching). 

 

S41K (with acrylated end groups): 2945 (asymmetric -CH2- stretching); 2870 (symmetric -CH2- 

stretching); 1725 (symmetric >C=O stretching); 1641 (-C=C- stretching, acrylate unit); 1297 (-C-

O- and -C-C- stretching); 1242 (asymmetric -C-O-C- stretching); 1179 (symmetric -C-O-C- 

stretching); 814 (-CH=CH2 twisting, acrylate unit). 

Sample code Initiator Mn theo *[g/mol] [ε-CL]/[I] [ε-CL]/[cat] Mn NMR* [g/mol] 

S41K Pentaerythritol 1000 35.04 5000 1536 

S42K Pentaerythritol 2000 70.08 5000 2254 

S62K Dipentaerythritol 2000 105.13 5000 2118 
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1H-NMR [ppm] 
 

S41K (with -OH end groups): 4.09 (-CH2- pentaerythritol, s); 4.05 (-CH2-, t); 3.63 (-CH2-OH 

PCL chain terminal, t); 2.29 (-CH2-, t); 1.64 (-CH2-, m); 1.38 (-CH2-, m). 

 

S41K (with acrylated end groups): 6.39 (acryloyl unit, dd), 6.11 (acryloyl unit, dd), 5.81 (acryloyl 

unit, dd), 4.15 (-CH2-O-Acr, t); 4.09 (-CH2- pentaerythritol, s); 2.29 (-CH2-, t); 1.64 (-CH2-, m); 

1.38 (-CH2-, m). 
 

 

9.3.4 Vitrimer preparation 

 

The PCL-based vitrimers, whose reaction scheme is shown in Figure 9.3, were obtained by carefully 

mixing PCL acrylates and finely ground DBEDT, which is a fairly coarse solid when prepared, and 

was weighed so that the final acrylate:thiol ratio was equal to one (Table 9.3). The materials were 

then homogeneised by a pre-mixing phase of 2 min at 120 °C to melt the polymer, solubilise DBEDT 

and obtain a clear and transparent system. Curing was then continued by pouring the mixture in pre-

heated silicone moulds of the desired shape for an additional 24 hours at 120 °C. The cured vitrimers 

were then removed, cooled down to room temperature and stored in a desiccator prior to analysis. 

The coding of vitrimers follows that of the corresponding acrylates, i.e., the vitrimers prepared using 

S41K are coded S41K-V. 

 

 

Figure 9.3. Scheme of the synthesis of S41K-V and S42K-V. 
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Table 9.3. Preparation conditions of the vitrimer systems. 

 

 

 

 

 

*: expressed as mg DBEDT needed to crosslink completely 1 g of PCL acrylate, considering thiol:acrylate = 1. This was 

calculated by considering the MnNMR value of the star-shaped polymers. 

 

9.3.5 Enzymatic degradation 

 

Enzymatic hydrolysis of materials was performed by placing small rectangular vitrimer specimens 

(dimensions = 6x2x2 mm3, initial weight = 25 mg, n = 4) in a 1.5 mL Eppendorf safe-lock tube 

followed by 1 mL of a 5 µM solution of cutinase in 0.1 M phosphate buffer solution (KPO), pH 8. 

Samples were incubated at 50 °C for 1, 3, 6 and 12 days, until complete degradation was observed. 

At the desired time point, the samples were removed from the enzyme solution, washed three times 

with an excess of milliQ water and then dried at 30 °C in vacuum oven until constant weight before 

performing the gravimetric measurement of the weight loss using an analytical scale (±0.0001 g). 

 

9.3.6 Characterization 

 

1H-NMR spectra of hydroxyl and acrylated PCLs were recorded using a Jeol ECZ400R/S3 400 MHz 

using 10 mm NMR tubes and CDCl3 as solvent. All the samples were dissolved in CDCl3 at a 

concentration of 15 mg/mL and analyzed at room temperature. FT-IR spectra of the materials were 

acquired using a Bruker “Vertex 70®” in ATR mode from 400 to 4000 cm-1. Thermal analysis was 

performed using a DSC1/TGA STARe System®. In detail, DSC thermograms were recorded in the 

range -100/+150 °C, using heating/cooling rates of ±10 °C/min under 20 mL/min nitrogen flow. TGA 

measurements were performed from 30 to 800 °C under a nitrogen flow of 80 mL/min. The 

crystallinity degree of the prepared materials (χc) was calculated based on their PCL content, ΦPCL, 

by applying Equation 9.1, using the melting enthalpy values (ΔHm) measured from the second 

heating scan. 

 

χ𝑐  =
ΔHm

ΔHm
0  ∙ ΦPCL

   (9.1) 

 

where ΔHm is the measured melting enthalpy, ΦPCL is PCL weight fraction in the vitrimer and ΔHm
0  

is the melting enthalpy of the 100% crystalline PCL (139 J/g [36]). The gel fraction (GF) of vitrimers 

Sample code DBEDT/PCL ratio*[mg/g] 

S41K-V 101.7 

S42K-V 66.0 

S62K-V 74.0 
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were measured using anhydrous toluene, being a good solvent for both reagents. In detail, 50 mg of 

the samples were accurately weighed and immersed in 2 mL of solvent until constant weight. Then, 

the samples were dried at 25 °C for 24 h followed by another 24 h at 30 °C under vacuum. After this 

phase, the samples were weighed, and the GF was calculated using Equation 9.2 where: Md = weight 

of the dried sample, Mi = initial weight. 

 

𝐺𝐹 =  
𝑀𝑑

𝑀𝑖
 ∙ 100      (9.2) 

 

Dynamic mechanical analysis (DMTA) were carried out on bars (nominal size 6x1.5x30 mm3) 

working in tensile mode on a TA Instruments Q800 using a heating rate of 3°C/min in the range from 

25 to 200 °C, in strain-controlled mode (frequency = 1 Hz, deformation amplitude = 0.05%, preload 

= 0.01 N). Plate-plate rheological analysis of the materials was performed using an ARES rheometer, 

using 25 mm diameter x 1 mm thickness disks. Specimens for both DMTA and rheology were 

obtained by curing the vitrimers within silicone molds with suitable geometries and keeping the 

materials in the desiccator until the tests. Dynamic strain sweep measurements were performed to 

confirm the linearity of the viscoelastic region up to 1% strain. Frequency sweeps measurements were 

carried out to measure the complex viscosity (η*), storage modulus (G’) and dissipative modulus 

(G’’) in the frequency range of 0.1–100 rad/s, between 90 °C and 210 °C with 30 °C steps. Isothermal 

relaxation tests were also carried out using 1% strain. Stress G(t) was normalized on G0, namely the 

stress recorded at t = 0.5 s to get rid of instrumental transitory at the begin of the relaxation test. All 

the rheological measurements were performed under nitrogen flow to avoid oxidative and hydrolytic 

degradation of the materials. 

 

9.4 Results and discussion 

 

9.4.1 Study of the cross-linking reaction 

 

The thiol-acrylate reaction (Figure 9.3) between the star-shaped acrylated PCLs and DBEDT was 

monitored by comparing the FT-IR spectra of the starting polymers with those of the respective cross-

linked systems (Figure 9.4). The neat polymers exhibited typical signals associated with PCL chains 

at 2950 cm−1 and 2870 cm−1 (υ Csp3- H methylenic unit), 1725 cm−1 (υ C=O), at 1295 cm−1 (υ C–O 

and C–C), 1242 cm−1 and 1171 cm−1 (υ C–O–C asymmetric/symmetric). Moreover, two additional 

bands were found at 1640 and 814 cm-1, which can be attributed to C=C stretching and -CH=CH2 
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twisting of acrylate units, respectively, as previously reported in other works [35,37]. As shown in 

Figure 2, the above two signals disappeared in the FT-IR spectra of the polymers after reaction with 

DBEDT. Indeed, as previously reported by Zych et al., this finding proves the good outcome of the 

thiol-acrylate reaction. Moreover, some shoulders around 1211 cm-1 and peaks at 652 cm-1 were found 

in the spectra of the cross-linked PCL, which can be attributed to the presence of B-O and B-O-B 

bonds of the boronic ester, respectively and which can be also observed as distinct peaks in the 

DBEDT spectrum (Figure 9.5) [38]. 
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Figure 9.4. FT-IR spectra of PCL acrylates (dashed line) and respective vitrimers (continuous line) obtained from S41K 

(black), S42K (red) and S62K (green) polymers. 

 

Macroscopically, the crosslinking process was evidenced by an increase in the systems viscosity, over 

time, while the mixture was being heated up. For all the systems the transition from liquid, pourable 

mixtures (Figure 9.6a), having viscosity comparable to those of melted PCL acrylates, to rubbery 

transparent solids (Figure 9.6c), able to slowly crystallize at room temperature (Figure 9.6b) was 

observed. Moreover, the gel fraction (GF) measurements performed on the materials showed values 

of 79%, 78% and 83% for S41K-V, S42K-V, S62K-V vitrimers respectively. These were comparable 

to the GF found for a similar system (81.9 ± 1.4%) reported in the literature [32], and previously 

confirmed results obtained by FT-IR analysis. These findings are consistent with the hypothesis of 

the formation of a crosslinked structure, thus confirming the positive outcome of the curing reaction. 
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Figure 9.5. FT-IR spectra of DBEDT powder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.6. Photos of S41K/DBEDT mixture during curing (a) and the resulting material, S41K-V, at room temperature 

(under PCL Tm) (b) and at 80 °C (above PCL Tm) (c). 
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9.4.2 Study of the thermal properties 

 

The thermal properties of the acrylated polymers and the corresponding cross-linked systems are 

reported in Table 9.4, while DSC and TGA traces are given in Figure 9.7 and Figure 9.8. In 

particular, when comparing the DSC data of the different acrylated starting materials, it was found 

that the molecular weight as well as the number of arms of the star-shaped PCL affected the system 

thermal properties. In particular, the crystallinity (c) of the acrylated polymers increased with 

increasing the molecular weight and the number of arms, from 40 % for S41K to 52% and 53 % for 

S42K and S62K, respectively. These samples show a different trend compared to linear high 

molecular weight polymers, where, in general, an increase in molecular weight leads to a decrease in 

crystallinity [39–43]. Indeed, in the case of branched or star-shaped polymers, the chain length 

enhances the structuring, at least at low molecular weights, showing an inverse behavior compared 

to linear polymers [44]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.7. DSC thermograms, cooling (left) and second heating (right) for PCL acrylates (dashed line) and respective 

vitrimers (continuous line) obtained from S41K (black), S42K (red) and S62K (green) polymers. 

 

This could be due to the fact that the structuring of the linear fraction predominates with increasing 

chain length compared to the crystallization disorder that develops around the branched core and 

could explain the same crystallinity of the 4-armed and 6-armed sample, S42K and S62K, 

respectively, characterized by the same molecular weight per single arm. In contrast, all the cross-

linked samples seemed to maintain the same c, which was lower than that of the pristine polymers 

for S42K-V and S62K-V. A slight difference among the samples was observed in the Tc, which 

decreased expecially for S42K after the cross-linking process. 
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Figure 9.8. TGA curves of PCL acrylates (a) and respective vitrimers (b) obtained from S41K (black), S42K (red) and 

S62K (green) polymers. 

 

The decrease in crystallinity and Tc in the cross-linked samples, which was observed mainly in the 

samples characterized by the highest molecular weights, namely S42K and S62K, could be related to 

to a decrease in the mobility of the macromolecular chains caused by the introduction of bonds at the 

ends of the star-shaped structures. Therefore, the above findings appear to support the formation of a 

network when the star-shaped polymers are reacted with DBEDT at high temperature. Although the 

crystallinity decreases in the cross-linked systems, it is worth underling that all the samples retain 

some degree of structuration even after the treatment with the cross-linking agent, a characteristic 

which may affect the final material’s properties. The results of thermogravimetric analysis of the 

acrylated polymers revealed a similar onset degradation temperature (Tonset 5%), which was around 

390 °C, and an equal temperature of maximum rate of degradation (Tmax) of 427 °C, which is in 

agreement with the values observed in other previous works for acrylated PCL [35,45] and related to 

a statistical chain scission by a β-elimination mechanism. In contrast, a general decrease in the thermal 

stability, in terms both of Tonset 5% and Tmax, was observed after the cross-linking reaction. Indeed, the 

extent of this variation reflects the DBEDT content of the system. Considering the lower degradation 

temperature observed for neat DBEDT compared to the PCL acrylated polymers, this can be possibly 

attributed to its thermal degradation within the network structure.  
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Table 9.4. Thermal characterization of acrylated polymers and vitrimers. 

Sample code 
Tc 

[°C] 

Hc CORR 

[J/g] 

Tm 

[°C] 

Hm CORR 

[J/g] 

c CORR 

[%] 

Tonset 5%* 

 [°C] 

Tmax**  

[°C] 

S41K 16 -52 43 55 40 399 427 

S42K 23 -67 47 72 52 393 427 

S62K 27 -68 48 73 53 398 427 

S41K-V 13 -56 46 58 42 356 407 

S42K-V 14 -56 48 59 42 359 416 

S62K-V 20 -58 46 60 43 346 412 

DBEDT - - 100 56 - 258 334/354 

The subscript m CORR and c CORR indicate the values measured during melting and crystallization, respectively, 

considering the mass fraction of PCL contained in the materials. *:Tonset 5% was extrapolated from TGA curves as the point 

where the mass loss was equal to 5%. **:Tmax was extrapolated from DTG curves as the points where the mass loss rate 

was at its maximum. 

 

 

9.4.3 DMTA and rheological analyses  

 

Thermomechanical properties of vitrimers (Figure 9.9) were investigated by dynamic mechanical 

thermal analyses on heating ramp. At room temperature, storage moduli in the range of 0.4±0.1 GPa 

were measured, which are consistent with that of a linear high molecular weight, PCL-L (Figure 

9.10). Beside the expected fall in stiffness across the melting of PCL, the high temperature storage 

modulus at high temperature can be correlated with the crosslinking of the PCL network. Indeed, a 

fully stable storage modulus plateau was observed for all vitrimeric formulations, in the range of 1 

MPa, with limited differences between the different formulations. Such plateau confirms the 

crosslinked nature of the material, maintaining the shape of the specimens well above the melting 

temperature (Figure 9.11). 
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Figure 9.9. DMTA plots on heating ramp for the different PCL vitrimers. 
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Figure 9.10. DMTA analysis of high molecular weight PCL. The curve is interrupted at 70 °C due to sample melting. 
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Figure 9.11. Photo of S41K-V film at 80 °C (above PCL Tm), during DMTA analysis. 

 

To further investigate the bond exchange at high temperature, rheological test were carried out in 

frequency sweep at different temperatures, ranging from 90 to 210°C (Figure 9.12). At 90°C, S41K-

V displayed a fully solid like behaviour, characterized by a constant value of storage modulus, higher 

than G’’over the whole frequency range. Similarly, rheological behaviour for S42K-V and S62K-V 

is dominated by the elastic component, with only a slight decrease in the storage modulus at 

frequencies below 1 rad/s. At higher temperatures, the decay in storage modulus at low ω expectedly 

becomes progressively more important for all formulations, suggesting the existance of a relaxation 

phenomenon. This is further evidences by the appearance of a peak in the loss modulus, increasing 

in intensity and shifting towards higher frequency with temperature increase. Crossover between G’ 

and G’’ was observed only for S62K-V at 210°C (at 0.2 rad/s), whereas for lower temperatures it 

appears to fall below the minimum frequency applied. Similarly, crossover not observed in the 

explored frequency range for both S41K-V and S42K-V. This is in agreement with other boronic 

ester-crosslinked vitrimers, displaying crossover points below 0.1 rad/s [28]. 
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Figure 9.12. Rheological plots for S41K-V (a), S42K-V (b) and S62K-V (c). 
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To investigate the kinetics of the relaxation phenomena, stress relaxation tests were carried out at 

different temperatures (Figure 9.13). Relaxation times obtained are very well fitted by the Arrhenius 

plots, yielding activation energy for the relaxation process in the range of 60 kJ/mol for both S41K-

V and S42K-V, while a lower value was obtained for S62K-V. As already observed for the rheological 

behavior, it is possible to hypothesize that the 6-arm PCL structure allows greater mobility, and the 

corresponding network is consequently characterized by a lower activation energy compared to 

systems prepared from 4-arm PCL. However, the activation energies for the relaxation of PCL boronic 

ester vitrimers are in agreement with previously reported results for similar systems [28,32]. 

 

 

   

   

Figure 9.13. Stress relaxation plots (top) for S41K-V (a), S42K-V (b) and S62K-V (c), along with the corresponding 

Arrhenius plots (bottom). 
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In order to evaluate the recyclability of the developed systems (Figure 9.14), a piece of the cross-

linked film (0.5 g) was manually cut into small pieces, which were then placed in a 3 x 3.5 cm2 

rectangular mould. To facilitate the material flow during the compression molding process, the sample 

was preheated to 180 °C for 3 minutes and then pressed at the same temperature for 5 minutes with a 

very low force (300 kgf). After this procedure, a homogeneous film identical to the original material 
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was successfully recovered. The self-healing test was similarly performed by cutting the film sample 

into two parts and using the same temperature without preheating. In this case, the sample was held 

in position in the mold with a small glass slide to keep both edges in perfect contact and prevent 

deformation due to heating. Also, in this case it was possible to obtain a homogeneous film. These 

observations clearly demonstrate that the bond exchange and macromolecular interdiffusion, as well 

as the viscosity of the materials under the conditions used for both tests, were sufficient to ensure 

good adhesion between the different pieces confirming the vitrimeric behaviour possessed by this 

new class of materials. Furthermore, the thermochemical stability of the materials was proved by the 

unchanged FT-IR spectra and TGA curves of the samples before and after recycling. Figure 9.15 and 

Figure 9.16 show the FT-IR spectra and TGA profiles of S41K-V as an example. Indeed, as 

demonstrated by this test, the high network dynamicity introduced by boronic ester metathesis 

provides a key advantage in terms of reprocessability, making these materials easily moldable and 

recycable without the use of catalysts (Figure 9.17). It is worth underling that some of these catalysts, 

especially the metal-based ones, such as tin octoate or zinc acetylacetonate, which are widely used in 

polyester/polyurethane vitrimers to promote transesterification and transcarbamoylation exchange 

reactions [23,46,47], are toxic or harmful even when employed in very low concentration, [48–51]. 

Moreover, their presence could lead to a decrease in the thermal stability of the system, since they are 

able to promote degradation by depolymerization or, in presence of water, by hydrolytic processes 

under the recycling conditions generally used [52–54]. Considering these aspects, the developed 

approach is promising when considered from the point of view of producing new sustainable 

materials with lower environmental impact. 

 

 

Figure 9.14. Example of recyclability (a) and self-healing (b) tests performed on S42K-V vitrimer. 

(a) 

(b) 
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Figure 9.15. FT-IR spectra of S41K-V before (black) and after (red) recycling test. 
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Figure 9.16. TGA thermograms of S41K-V before (black) and after (red) recycling test. 
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Figure 9.17. Photos of: S41K-V film at room temperature (a), S41K-V film at room temperature under twisting test by 

hand (b), S41K-V film at 80 °C (c), S41K-V film at 80 °C under twisting test by hand (d), twisted S41K-V film during 

cooling (e) and twisted S41K-V film at room temperature (f). 

 

 

9.4.5 Enzymatic Degradation 

 

The enzymatic degradation of the PCL vitrimers was carried out using a cutinase, a highly active 

hydrolytic enzyme belonging to the serin-hydrolases family known for its activity on polyesters 

[33,55–57]. To investigate the effect of crosslinking on the hydrolytical stability of the PCL-based 

vitrimers, we used a high molecular weight linear PCL, namely PCL-L, as a reference material 

(Figure 9.18). Not surprisingly, complete hydrolysis of PCL-L was observed after 3 days, 

demonstrating the effective depolymerization activity of this enzyme for PCL, as also reported in our 

previous work [33]. In contrast, the vitrimers exhibited slower degradation times, requiring 12 days 

to be completely degraded. Considering the melting behaviour of the linear PCL and vitrimers, a fast 

degradation rate could be expect for the latter systems, as the reaction temperature (50 °C) was well 

above the Tm of the PCL crystalline phase of the vitrimers and very close to the melting temperature 

reported in other works for PCL-L (57 °C) [33,58]. On this basis, the results suggest that the presence 

of cross-links in the polymer matrix is the main factor influencing the degradation rate of PCL at that 

temperature. Moreover, no significant differences in the degradation profile of the different vitrimers 

were observed, probably due to the limited differences in molecular weight and number of 

functionalities of the studied star-shaped polymers. Although the different degradation rate of the 

vitrimers compared to the linear polymer, the possibility of degradation of the crosslinked network, 

(a) (b) (c) 

(d) (e) (f) 
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opens up the possibility of exploiting this process in the formation, through enzymatic 

depolymerization, of monomers/oligomers that can be reused in the ex novo synthesis of 

polymers/vitrimers, making these materials appealing from a circular economy perspective [59,60]. 
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Figure 9.18. Enzymatic hydrolytic degradation profile of: PCL-L polymer, S41K-V, S42K-V and S62K-V vitrimers in 5 

µM cutinase solution in 0.1 M KPO buffer pH 8. 

 

9.5 Conclusions 

 

In this work, novel vitrimer systems based on PCL were successfully developed. In the design of the 

formulation, various aspects related to both the manufacturing approach and the final properties of 

the material were considered to make the whole process environmentally friendly. First, starting from 

ad-hoc synthesized star-shaped PCL, a polymer potentially produced from renewable sources, a 

crosslinker was used that allowed the vitrimer production without the use of solvents and catalysts, it 

being based on a simple thiol-acrylate reaction. The behavior of the vitrimers, common to all systems 

produced and slightly influenced by the number of arms and the length of the star-shaped polymers, 

allowed easy recycling through a simple shaping process. In addition, an analysis of enzymatic 

hydrolysis highlighted the ability of the materials to degrade despite the formation of the network, a 

phenomenon due to the construction of the systems with PCL, a highly biodegradable polymer. The 

above property, which generally does not apply to all vitrimer systems, may clearly be of great interest 

for the end of life of the developed material.  
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