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Overview 

 

 

This thesis details novel research on the design of new approaches that might lead 

to a more sustainable polymer industry by combining the use of supercritical 

carbon dioxide, a commercially available immobilised enzyme and renewable 

monomers. 

 

First, the key themes explored in this thesis are outlined. Green polymer 

chemistry, biodegradable and renewable polymers, biocatalysts for 

polymerisations (i.e. enzymes) and supercritical carbon dioxide as a reaction 

medium for polymer synthesis and processing are introduced (Chapter 1). 

Then, the high-pressure equipment and characterisation techniques are detailed. 

The reaction vessel used extensively in this research work is meticulously 

described. The high-pressure fixed-volume view cell and the high-pressure 

rheometer are also detailed (Chapter 2). This chapter includes also the standard 

operating procedure (SOP) for each piece of equipment. 

In the first research chapter, the carbon dioxide-induced melting point depression 

of poly(!-caprolactone) is investigated; thorough rheometric studies are used to 

provide a rheological viewpoint to this phenomenon (Chapter 3). Shear-viscosity 

studies were performed in order to assess the advantages that high-pressure 

carbon dioxide could deliver for semi-crystalline polymer processing. Visual 

observations of the polymer plasticisation and comparisons with high-temperature 

studies are also shown. 

In the subsequent chapter, the development of a novel enzymatic low-temperature 

approach for the preparation of functional low molecular weight polyesters is 

detailed (Chapter 4). By exploiting the unique properties of supercritical carbon 

dioxide and an enzyme catalyst, polymerisations ordinarily conducted using metal 

catalysts in excess of 200 °C were successfully conducted at milder conditions. 

Functional molecules could be used to end-cap the chains, thus producing green 

telechelics. 

Then, this innovative synthetic approach was extended to the preparation of bio-

based amphiphilic polymers, which could be useful for drugs encapsulation and as 

surfactants in detergent formulations (Chapter 5). Specifically, the self-assembly 



of these novel polymers and the stability of the aggregated structures in water 

were investigated in detail. Additionally, encapsulation of a highly lipophilic 

molecule (Coumarin-6) and surface tension studies provided a clear 

demonstration of the usefulness of these polymers for a wide range of 

applications. 

The final part of the thesis sums up the overall conclusions obtained from this 

research work and outlines possible opportunities for future research in this area 

(Chapter 6). 
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1 Introduction 

 

The aim of this chapter is to provide an essential background for the subjects 

presented in this thesis. The chapter gives an introduction to the general aspects of 

modern polymer chemistry and some specific synthetic procedures, including 

common polymerisation techniques. An emphasis will be placed on green 

polymer chemistry and polyesters, which will be the main focus of the research 

presented in this thesis. 

The chapter also introduces the use of supercritical carbon dioxide as a clean, 

cheap, green alternative to conventional solvents in polymer synthesis. 

Finally, the general aims of this work are defined. 
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1.1 Modern plastic production and green polymer chemistry: some facts 

 

 

In 2014 around 59 million tonnes of plastics were produced within the European 

Union (EU). Although European plastic production is currently stable, the global 

production is constantly rising (Figure 1.1) [1]. A growing trend can clearly be 

observed, with the global plastic production increasing by around 90 million 

tonnes over the timespan of 10 years (from 2004 to 2013). 

 
Figure 1.1 - World (pink circles) and European (blue circles) plastic production from 2004 to 

2014. In the EU the production stabilised after 2011 to around 58 Mtonnes. On the contrary 

the global production is characterised by a continuous growth. Figure reproduced from 

reference [1]. 

 

Most commercial polymers are derived from petroleum-based precursors. 

Therefore, they are synthesised using non-renewable raw materials (i.e. resources 

that are not replenished by natural means on a human time-scale) and the majority 

of them will not be biodegradable at the end of their life cycle [2]. 

In 2013, poly(ethylene) (PE) and poly(propylene) (PP) accounted for 

approximately 50% of polymer demand in the EU, with poly(vinyl chloride) 

(PVC) being the third one at 10%. These polymers are used in a wide range of 

applications, such as packaging (the largest end use market segment with a 39.5% 
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share), building and construction (20.1%) and automotive parts (8.6%) (Figure 

1.2) [1]. 

 
Figure 1.2 - European plastic demand by polymer type in 2014. PE, PP and PVC represent 

the most used polymers (around 60% of the global demand) [1]. 

 

Recycling of these polymers is possible; however, the vast majority of them is 

buried in landfill sites or incinerated at the end of their useful life [2]. In fact, only 

6.6 million tonnes of plastic wastes were recycled in 2012 in the EU [1]; whilst 

over 30 million and 15 million tonnes of non-degradable polymeric waste are 

produced each year in the United States and in the EU respectively [2]. 

This is clearly not environmentally acceptable and for this reason many European 

countries have imposed, or are imposing, a ban on landfill [1]. In more detail, the 

first countries that banned landfill were Netherlands (1996) and Denmark (1997). 

These were followed by Austria (2004), Germany and Sweden (2005), Belgium 

and Switzerland (2006), Norway (2009) and Scotland (2014). Future landfill bans 

are expected in Finland and Poland by the end of 2016. 

Furthermore, it has been estimated that currently we are exploiting petroleum at a 

non-sustainable rate, around 105 times faster than the nature can produce it. 

Therefore, continuing with this rate of consumption, the current petroleum 

reserves will be exhausted in around 60 years [2]. 
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Consequently, the employment of renewable, naturally-derived materials is 

expected to grow dramatically in the future years [3-5]. 

 

 

1.1.1 Green polymer chemistry 

 

 

Green chemistry emerged in the 1990s and has become a crucial area of modern 

science [6, 7]. Several reasons contribute to this drive, including increased public 

awareness, the request for cleaner manufacturing processes from governments and 

a sense of industrial responsibility towards environmental issues. 

Since the word “green” first started being placed in front of the word “chemistry”, 

many debates regarding the right meaning of “green chemistry” have been held. 

In general, green chemistry is defined as the design of chemical processes and 

products that reduce or eliminate the use or the production of hazardous 

substances [8]. In 1998 Anastas and Warner published a 12-principle list that 

aimed to guide the practice of green chemistry. In a nutshell, these principles 

established crucial concepts such as: 

 

• Utilisation of safe and environmentally benign chemicals; 

• Design of synthetic processes that maximise the amount of raw material 

that ends up in the product (atom economy); 

• Prevention of waste rather than waste management; 

• Use of renewable raw materials and minimisation of the energy 

consumption [9]. 

 

Therefore, the general scope of green chemistry goes beyond concerns over 

hazards from chemical toxicity and includes waste reduction, energy conservation 

and sustainability. Unsurprisingly these concepts apply to all the different 

branches of chemistry, and polymer chemistry is not an exception. Therefore, 

investigations on biodegradable and bio-based polymers, greener synthetic 

approaches and more environmentally friendly catalysts have attracted increasing 
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attention in the last two decades [2, 4, 10-19]. These can lead to the achievement 

of a more sustainable and environmentally friendly polymer and plastic industry. 

 

 

1.2 Bio-based and biodegradable polymers 

 

 

The expressions “bio-based polymer” and “renewably sourced (or renewable) 

polymer” have the same meaning [20]. They refer to materials containing carbon 

originating from renewable natural sources (e.g. plants, trees, algae etc.). 

Bio-based polymers (also known as biopolymers) are therefore derived from 

plant-based raw materials and tend to be biodegradable. They typically contain 

oxygen and/or nitrogen atoms in their backbone, which are responsible for their 

biodegradability [2, 4]. 

The category of bio-based polymers can be further divided into two subcategories: 

natural biopolymers and synthetic biopolymers. The former category includes bio-

based polymers found directly in nature, such as: lignin, suberin, proteins, 

bacterial polyesters like poly(hydroxyalkanoate)s (PHAs), and carbohydrates (e.g. 

cellulose, starch, chitin, carrageenan etc.) [4]. 

On the other hand, synthetic biopolymers are those polymers that are not found 

directly in nature but are produced by exploiting precursors that are found 

abundantly in nature (e.g. carbohydrates) [2]. The most significant examples of 

this class of biopolymers are poly(lactic acid) (PLA), poly(glycolic acid) (PGA) 

and their copolymer poly(lactic-co-glycolic acid) (PLGA) (see Section 1.2.1.1) 

[2]. 

 

Biodegradable polymers are generally defined as those polymers that decompose 

in natural aerobic and anaerobic environments [2]. Typically, physical 

degradation leads to partial degradation through hydrolysis and photodegradation; 

microorganisms will then take the smaller fragments (monomers and oligomers) 

and break them down into even simpler units (e.g. biomass, water and gases) [2, 

21]. Therefore, these polymers do not accumulate in the environment at the end of 

their life cycle. 
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Hence, the terms “biodegradable polymers” refer to both bio-based and 

petroleum-based polymers that are susceptible to degradation through the action 

of enzymes and/or living organisms [22]. In fact, biodegradability depends not 

only on the origin of the polymer precursors, but also on the final chemical 

composition and structure of the chains. For example, poly(!-caprolactone) (PCL) 

and poly(ethylene glycol) (PEG) are two biodegradable petroleum-based 

polymers that are used in a wide range of applications [23, 24]. 

Furthermore, in recent years investigations on novel routes to derive the polymers 

and polymer precursors from natural sources have been attracting much attention 

[4, 25, 26]. For instance, the production of bio-based PEGs, which are derived 

from sugarcane waste, has been announced by Acme-Hardesty Company [27, 28]. 

For this reason, the class of synthetic biopolymers is in continuous expansion: 

polymers that are not considered bio-based nowadays might be considered green 

and renewable in future years. 

 

 

1.2.1 Biodegradable polymer functional groups 

 

 

Generally, biodegradable polymers contain hydrolysable functional groups (such 

as esters and amides), or groups susceptible to oxidation (such as ethers) [22, 24]. 

For this reason, vinyl polymers are hardly degradable since they are neither 

susceptible to hydrolysis, nor easily oxidised in the absence of catalysts or harsh 

conditions [2, 22, 29]. One exception is represented by poly(vinyl alcohol) (PVA), 

which can be easily degraded by some enzymes and microorganisms [22, 30, 31]. 

The next sections give information on the most important classes of biodegradable 

polymers with a major emphasis on aliphatic polyesters, since it is on these that 

the presented research will predominantly focus. 

 

1.2.1.1 Aliphatic polyesters 
 

At present, aliphatic polyesters represent the most commonly known and studied 

class of biodegradable polymers. This class includes PLA, PCL, PHAs, PGA, 
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PLGA etc. [22, 32]. These polymers are characterised by the presence of ester 

linkages in the backbone (Figure 1.3). 
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Figure 1.3 - The most common aliphatic polyesters: PLA, PCL, PGA and PLGA. The 

backbone of these polymers is characterised by the presence of hydrolysable ester bonds. 

 

This bond is easily hydrolysed in acidic or basic conditions (Figure 1.4). 

Furthermore, enzyme-catalysed hydrolysis and degradation by microorganisms 

have been widely described [4, 5, 33]. 

The rate of their degradation depends on several factors, such as: degree of 

crystallinity (Xc), chain flexibility, macroscopic structure (surface area/porosity) 

and molecular weight [21, 34, 35]. For instance, if a chain is more flexible, more 

sites will be accessible to water for hydrolysis and the polymer chain can fit more 

easily into the active site of enzymes; these factors will increase the 

biodegradation rate. Furthermore, water does not diffuse well through crystalline 

regions [34]. For this reason, amorphous regions are degraded preferentially over 

the crystalline ones and there is an inverse relationship between the melting 

temperature (Tm) of the polyester and the rate of biodegradation [35, 36]. 
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A vast variety of monomers can be used to prepare aliphatic polyesters, and 

several synthetic routes can be exploited [5, 22, 36-38] (see Section 1.3). 

Generally, these polymers have decent mechanical properties so they can be used 

for packaging and other applications [4, 39]. However, their performances are 

significantly worse than those of aromatic polyesters (e.g. poly(ethylene 

terephthalate) (PET)), which, on the other hand, are not easily biodegraded [35, 

40]. For this reason, aliphatic-aromatic copolyesters have been prepared to obtain 

polyesters with improved mechanical features and a good biodegradability (e.g. 

poly(butylene adipate-co-terephthalate) (PBAT), Figure 1.5) [40]. 

 

 
Figure 1.5 – Chemical structure of poly(butylene adipate-co-terephtalate) (PBAT). 

 

Moreover, the functional characteristics of aliphatic polyesters can also be 

modified or improved by blending or copolymerising them with other polymers, 

or by dispersing inorganic nanofillers into them [32, 41-46].  

Finally, a key feature is that PLA, PCL and PLGA are biocompatible and 

bioresorbable: hence, they are approved for use in humans by the Food and Drug 

Administration (FDA). Accordingly, these polymers (and their copolymers) are 

widely used for drug delivery, tissue engineering and other medical applications 

[45-50]. 

 

Aliphatic polyesters will be the main focus of this thesis (see Section 1.5): 

 

• Chapter 3 focuses on the analysis of the mechanical and rheological 

properties of PCL under supercritical carbon dioxide (scCO2); 

• Chapter 4 describes the use of scCO2 to design a novel green synthetic 

route to produce functional polyesters; 

• Chapter 5 shows the extension of this synthetic route for the preparation of 

innovative bio-based amphiphilic polymers. 
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1.2.1.2 Polyethers 
 

Polyethers are polymers that contain ether groups in their backbone. This class 

includes polymers such as PEG and PPG (Figure 1.6).  

 

HO
O

H
n HO

O
H

n

PEG PPG

 
Figure 1.6 – PEG and PPG are by far the most commonly used polyethers. Polyethers have 

generally low viscosity and low Tm. 

 

Since ether groups cannot form hydrogen bonds with each other, these polymers 

are generally characterised by low Tm and low viscosity [37, 51]. 

PEG - also known as poly(ethylene oxide) (PEO) - is a water soluble polymer that 

finds application as a lubricant, plasticiser, and building block for surfactants to 

name just a few [52, 53]. Owing to its low toxicity and biocompatibility, it is 

widely used also in cream formulations and varied medical applications [54, 55]. 

PEG is metabolised by several bacteria [56]. The microbial degradation of this 

polyether is indeed widely described in literature and it has been repeatedly 

ascertained that lower molecular weights favour biodegradation whilst PEGs with 

molecular weight higher than 4000 g mol-1 are typically more resistant to 

biodegradation [24, 56-58]. 

In the fifth chapter of this thesis low molecular weight PEG blocks will be used as 

a hydrophilic segments to prepare new green amphiphilic low molecular weight 

copolymers through a novel synthetic approach. 

 

1.2.1.3 Other biodegradable polymers 
 

The list of polymers that can be degraded, more or less readily, is rather long. 

Therefore, this small final section gives some information and references to find 

more in-depth details about other commercially relevant biodegradable polymers. 

Polyanhydrides are characterised by the presence of anhydride bonds in the 

backbone and are degraded by hydrolysis [59]. The rapid degradation of aliphatic 
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anhydrides results in instability; because of this, storage of these polyanhydrides 

requires freezing with liquid nitrogen [60]. As a result, aliphatic anhydrides are 

mainly used for medical and pharmaceutical applications where short-term release 

of bioactive molecules is required [59-61]. 

Polypeptides and polyamides are commonly used biodegradable polymers. These 

polymers contain amide linkages that enzyme and microorganisms can break 

down [2, 58]. Furthermore, copolymers containing ester and amide bonds (i.e. 

polyester-amides) are readily degraded [62]. 

Polyurethanes contain urethane linkages within their backbone and are 

synthesised using diisocyanates and diols (or hydroxyl-ended low molecular 

weight polymers such as polyethers and polyesters) [63]. Hence, they are 

composed of different parts that will determine the physical properties (e.g. 

crystallinity, flexibility etc.) and the biodegradation rate [22]. 

Other important biodegradable polymers are represented by biopolymers such as 

proteins (e.g. collagen) and polysaccharides (e.g. starch, cellulose, chitosan). 

More details on these biopolymers and other biodegradable polymers can be 

found in the specific literature [2-5, 22, 58, 64]. 

 

 

1.3 Synthesis of polyesters 

 

 

Polyesters will be the main focus of this thesis. Therefore, a more detailed 

description and additional references on the synthetic procedures employed to 

prepare this type of polymers are presented in this section. 

 

Two different routes can be used to synthesise polyesters: 

 

• Polycondensation of difunctional monomers (Figure 1.7 upper); 

• Ring opening polymerisation (ROP) of cyclic esters (Figure 1.7 lower). 
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Figure 1.7 – Schematic synthesis of polyesters through polycondensation (upper) and ring 

opening polymerisation (lower). 

 

The next sections give further information on these approaches, with a particular 

emphasis on enzymatic polycondensation, since this will be the polymerisation 

technique employed in Chapter 4 and 5. 

 

 

1.3.1 Polycondensations for polyester synthesis 

 

 

Polyester synthesis can be accomplished by a step-growth polymerisation reaction 

occurring between difunctional reactants. This condensation reaction is 

accompanied by the formation of a low molecular weight by-product; for instance, 

when diacids and diols are used, the condensation by-product is H2O (Figure 1.7 

upper). 

Esterifications are equilibrium reactions; therefore, an effective removal of the 

condensate will prevent depolymerisation and will shift the synthesis towards the 

formation of high molecular weight polymers (e.g. up to 40-80 kg mol-1 for PET) 

[65, 66]. 

Transesterifications of dimethyl esters with diols are also widely used. In this case, 

the by-product will be methanol and this alcohol can be more efficiently 

eliminated from the reaction system [37]. In addition, diesters are typically 

characterised by a lower Tm and an increased solubility and, hence, they are easier 

to handle [67]. 

Furthermore, diacyl chlorides can also be used: not only are these molecules more 

reactive than dicarboxylic acids, but also the by-product (HCl) is gaseous and, 
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hence, easy to remove (or neutralised with a base). However, these chlorinated 

derivatives are significantly more expensive and hazardous than the diacids [63]. 

Esterification and transesterification polymerisations are typically rather slow at 

low temperature and must therefore be carried out at high temperature, preferably 

in the presence of a catalyst (see Sections 1.3.1.1 and 1.3.1.2 for more details) [63, 

68]. A combination of vacuum and sparging is generally applied to ensure 

successful removal of the reaction condensate. Alternatively, molecular sieves 

(nano-porous crystalline metal aluminosilicates) can be used to adsorb the low 

molecular weight by-product [69, 70]. 

Another crucial requirement in order to obtain high molecular weight polyester 

through polycondensation is an exact end-group stoichiometry: imbalance in the 

monomer feed ratio will limit the average degree of polymerisation (DP). 

However, this effect can also be used to voluntarily target specific polymer chain 

lengths. Similarly, mono-functional molecules can be used to end-cap the polymer 

and target specific molecular weights. Furthermore, the end-capper molecule can 

possess specific functional groups (e.g. epoxy, methacrylate etc.) capable of 

subsequent reaction [71-73]. In this way, di-end-functional polyesters (i.e. 

telechelic polyesters) can be prepared. This approach will be used in Chapter 4 

and 5 to prepare novel functional polyesters. 

Typical side reactions that can occur during polycondensations are: intramolecular 

cyclisation (ring closure), hydrolysis, reaction with mono-functional impurities 

and inter-chain transesterification. These competing reactions can significantly 

affect the molar mass and molecular weight distribution of the polymer [37]. 

To sum up, polycondensations are normally slow and require high temperature, 

controlled stoichiometry and efficient removal of the condensate. Additionally, 

condensation reactions are characterised by low atom efficiency (or atom 

economy) due to the formation of by-products. 

Nonetheless, condensation polymerisations have attracted increasing attention 

recently. There are several reasons for this drive. In particular, a wide diversity of 

diacids with different structures is available from natural resources and these can 

be employed as building blocks for the preparation of bio-based polyesters [68, 72, 

74-76]. Furthermore, the possibility of carrying out enzymatic polycondensations 

preserving the specific moieties of monomers and end-cappers has opened up for 
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the facile preparation of functional polyesters through chemo-selective 

condensation polymerisations [67, 69, 71, 73, 77, 78]. 

 

1.3.1.1 Enzyme-catalysed polycondensations 
 

Over the last two decades enzyme-catalysed polycondensations have become an 

important synthetic approach for the production of polyesters [19, 78-80]. 

Enzymes are proteins that are characterised by a high catalytic activity and 

specificity towards a particular chemical reaction. 

The enzymes responsible for the cleavage of bonds by hydrolysis belong to a class 

referred to as hydrolases. One specific group of hydrolases that assumed an 

important role in polymer chemistry are lipases [80]. 

Candida antarctica Lipase B (CaLB) is a lipase responsible for the hydrolysis of 

fatty esters in nature; however, in anhydrous conditions this enzyme is active in 

the reverse reaction and can accept alcohols as nucleophiles. Hence, 

esterifications and polyesterifications can be carried out using this enzyme in vitro 

in organic solvents or in the melt with a good selectivity toward primary alcohols 

[73, 75]. The active site of CaLB is situated in the core of the protein at the 

bottom of a funnel-like structure characterised by a highly hydrophobic surface. 

The hydrophobicity and the limited available space in the active site explain its 

high selectivity [69]. 

For CaLB, the best reactivity is normally observed in hydrophobic solvents such 

as hexane, toluene and diphenylether. Hydrophilic polar solvents like methanol 

lead to significant modifications in enzyme conformation and, hence, to a 

dramatic decrease in its activity [81]. 

For synthetic applications, CaLB is normally immobilised onto an inert and 

insoluble material. CaLB immobilised on cross-linked acrylic resin beads (i.e. 

poly(methyl methacrylate-co-divinylbenzene)) is known with the commercial 

name of Novozym 435 (10% by weight of lipase). Immobilisation provides 

several advantages, in particular: immobilised enzymes generally have increased 

thermal and pH stability, higher activity and they are more easily separated from 

the products, thus facilitating the recycling of the catalyst at the end of the 

synthesis [73, 80]. 
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CaLB can also catalyse the hydrolysis (or alcoholysis) of polyesters, therefore the 

condensation by-products need to be removed during poly-esterifications in order 

to drive the equilibrium of the reaction towards product formation and avoid 

undesired side-reactions. This is typically achieved by application of vacuum, 

sparging or using molecular sieves (or a combination of these) [19, 69]. 

The suggested temperature range for Novozym 435 is between 30 °C and 60 °C 

(declared by the supplier) [82]; however, this immobilised lipase has been shown 

to be able to catalyse reactions at temperatures up to 100 °C [14, 73]. Nonetheless, 

a significant decrease in its activity (~35%) was observed when Novozym 435 

was incubated for 24 hours in toluene at temperatures higher than 70 °C. This has 

been attributed to swelling of the acrylic support and possible leaching of the 

enzyme [83]. 

To sum up, compared with conventional routes, enzymatic polycondensations 

have several advantages, such as: mild reaction conditions, high chemo-selectivity 

and elimination of issues associated with the presence of residues from metallic 

catalysts [80]. Therefore, enzymes provide a good platform for the development 

of green condensation polymerisation processes. 

The catalytic triad of CaLB is composed of serine, histidine and aspartate (Ser105, 

His224 and Asp187). For better understanding, the first steps of the CaLB-

catalysed polycondensation mechanism are described (Figure 1.8). 

In the first step, the nucleophilic Ser105 residue attacks one carbonyl of the 

substrate (i.e. a diacid if R=H or a diester if R!H). The substrate acts as the acyl 

donor and the first tetrahedral intermediate (THI-1) is formed. The negative 

charge in THI-1 is stabilised by three hydrogen bonds (represented by the dashed 

lines) within the oxyanion hole, which is a pocket in the active site formed by two 

amino acids that can stabilise negative charges. The positive charge on His224 is 

stabilised by interaction with Asp187 [19]. 

Afterwards, proton transfer from the His224 to the alkyl oxygen of the substrate 

takes place and the leaving group is released (i.e. H2O if R=H, an alcohol if R!H). 

This results in the formation of the acyl-enzyme complex (AEC). In the next step, 

the AEC is attacked by the incoming nucleophile (i.e. the diol HO-B-OH). A 

proton is transferred from the diol to the His224 residue and a second tetrahedral 

intermediate (THI-2) is formed. This is again stabilised by hydrogen-bond 

interactions with the oxyanion hole [19]. 
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In the final step, the enzyme is de-acylated to form the ROOC-A-CO-O-B-OH 

ester, which is released. 

The propagation of the polymerisation occurs through alternating binding of 

diacids (or diesters) and diols. Later in the reaction, oligomers and whole 

polyester chains can be linked together. 

Furthermore, it is important to remark that the ester bonds within the polymer 

chains can also undergo nucleophilic attack by the Ser105 residue of the lipase, 

resulting in the cleavage of the chain [69]. Additionally, the polymerisation by-

product (ROH) can also act as a nucleophile; for this reason, it should be carefully 

removed to avoid undesired reactions. 
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Figure 1.8 – Schematic for the CaLB-catalysed condensation of the monomers ROOC-A-COOR and HO-B-OH. 
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1.3.1.2 Conventional catalysts 
 

The synthesis of polyesters can be accomplished also through acid-catalysed poly-

esterifications. An acid (e.g. para-toluenesulfonic acid) can be added to the 

monomers (external catalysis) or, alternatively, the acid functional group of the 

diacid monomer can catalyse the reaction (self-catalysis) [63]. In all the cases the 

use of high temperature (typically from 110 to 290 °C) is normally required to 

increase the rate of the reaction, aid the removal of the condensation by-product 

and lower the viscosity of the melt. However, strong acids also catalyse a 

significant number of side reactions at elevated temperatures [65]. 

In industrial settings polyesters are generally prepared using metal-based catalysts 

(e.g. alkoxides of antimony and titanium or acetates of manganese, zinc and 

cobalt) at temperatures ranging from 180 to 290 °C [65, 68, 78]. In-depth 

description of the mechanism of these metal-catalysed reactions and the typical 

procedures used to obtain high molecular weight polymers is beyond the scope of 

this thesis; the interested reader is referred to the specific literature of the field for 

more information [65, 84]. 

By conducting polycondensations at high temperatures it is possible to polymerise 

high-melting monomers and significantly reduce the melt viscosity (increasing the 

diffusivity of the reactive species). Hence, the lack of enzymes with adequate 

stability and activity at temperatures higher than 100 °C is somehow limiting [78]. 

On the other hand, high temperature processes are energy intensive and can easily 

be affected by undesired side-reactions (e.g. dehydration of diols and !-scission of 

polyesters) [78]. Furthermore, the use of high temperatures is particularly 

undesirable when using molecules containing thermally labile functional moieties 

(such as vinyl groups) or bio-molecules (e.g. drugs and hormones) [78, 85]. 

Therefore, this limits the range of polymers that can be prepared through high 

temperature melt polycondensations. 

Finally, the lack of selectivity of metal catalysts can lead to uncontrolled side-

reactions [86] and additional serious concerns are represented by metal traces, 

which are difficult to remove from the final product and are not acceptable for 

biomedical applications [87]. 

 



 19 

1.3.2 Ring opening polymerisation (ROP) of cyclic esters 

 

 

The ROP of cyclic esters (e.g. lactide, !-caprolactone, glycolide etc.) is generally 

carried out in bulk, solution, emulsion or dispersion [88]. The temperature of bulk 

polymerisations ranges from 60 °C to 150 °C (depending on the monomer) [38, 

88], whilst in solution much lower temperatures (0-25 °C) have been used [88, 89]. 

ROPs are normally performed in the presence of a catalyst and an initiator. The 

reaction mechanism depends on catalyst/initiator system chosen for the 

polymerisation. Anionic and coordination-insertion are the most widely employed 

ROPs of cyclic esters [88]. 

Tin (II) octanoate (Sn(Oct)2) is by far the most common catalyst for the ROP of 

lactone monomers [38, 87]. This catalyst follows a coordination-insertion 

mechanism and is used together with an active hydrogen compound (e.g. alcohol) 

acting as an initiator [87]. Recently, the use of a novel tin alkoxide initiating 

system (OctSn-OCH2CH2OCH2CH2O-SnOct), which gives a better control over 

the polymerisation, has been described [45]. 

Problems associated with condensation polymerisations, such as the essential 

requirement of a controlled stoichiometry and the removal of low molecular 

weight by-products (e.g. water, alcohols), are avoided in ROPs [38]. 

Lipase-catalysed ROPs have been also described [38, 80]. Lipases have been 

shown to catalyse ROP of a wide range of lactones. These reactions have been 

performed in the bulk or in hydrophobic solvents (e.g. toluene) [80, 86, 90]. 

Similarly to enzyme-catalysed polycondensations, enzyme-catalysed ROPs have 

several positive features, such as low reaction temperature, non-toxic catalysis 

and high selectivity. For these reason these are generating a growing interest [69, 

80]. Nonetheless, the variety of cyclic esters available for the preparation of 

polyesters through enzymatic ROP is much more limited compared to that of 

diacids and diols available for polycondensation [80]. 
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1.4 Supercritical fluids 

 

 

Generally, a supercritical fluid (SCF) is defined as a substance above its critical 

pressure (pc) and critical temperature (Tc) (Figure 1.9) [10, 91]. 

However, this description does not give any information about the density of the 

substance. Therefore, a more practical definition describes a SCF as a substance 

above its critical point and with a density close to or higher than its critical density 

(!c) [91, 92]. 

 

 
Figure 1.9 – Representation of the pressure vs temperature phase diagram for a pure 

substance (adapted from reference [93]). The triple point (T) and the critical point (C) are 

indicated. The blue circles give a schematic depiction of the change in density of the system 

at different conditions. The solid lines indicate the boundaries, at which phase transitions 

occur. 

 

At the triple point (T) the three phases (vapour, liquid and solid) coexist and are in 

equilibrium. At the critical point (C), i.e. above the pc and Tc, the phase boundary 

between the liquid and vapour phase does no longer exist: the substance becomes 

a single phase, namely a SCF. In this state, the liquid and the gas phases have the 

same density and become indistinguishable (Figure 1.10) [10, 91]. 
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Figure 1.10 – Schematic depiction of the change from gas-liquid (G-L) equilibrium at T<Tc 

to SCF at T!Tc when a substance is heated at a pressure in excess of pc [91]. 

 

For this reason, a SCF is characterised by unique properties that fall in between 

those typical of liquids and those of gases (Table 1.1). For instance, the density of 

a SCF can be relatively high (i.e. liquid-like), so that it can dissolve certain solids 

and liquids, while exhibiting gas-like properties such as high diffusivity and low 

viscosity. 

 
Table 1.1 – A comparison of the typical values for physical properties of gases, SCFs and 

liquids (adapted from reference [94]). SCFs have properties in between those expected for 

classical gases and liquids. 

Property Gas SCF Liquid 

Density (g mL-1) 10-3 0.2-0.9 0.8-1.0 

Diffusivity (cm2 s-1) 10-2-1 0.1-3.3 ! 10-4 0.5-2.0 ! 10-5 

Viscosity (Pa s) 0.5-3.5 ! 10-5 0.2-1.0 ! 10-4 0.3-2.4 ! 10-3 

 

 

In addition to this, SCFs are highly compressible and their densities can be 

effectively tuned by varying pressure and/or temperature (Figure 1.11) [91]. 

Hence, the solvent properties of a SCF can be changed by choosing carefully the 

pressure and temperature values [10, 94, 95]. 
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Figure 1.11 – Isothermal change in density with increasing pressure for carbon dioxide at 

four different temperatures above the Tc. Chart prepared using data taken from the 

National Institute of Standards and Technology (NIST) “Chemistry - Thermophysical 

Properties of Fluid Systems” WebBook [96]. 

 

 

1.4.1 Supercritical carbon dioxide 

 

 

Supercritical carbon dioxide (scCO2) is one of the most promising and exploited 

SCFs, and it is continuously attracting attention as a green solvent and potential 

replacement for conventional organic solvents [10, 95, 97, 98].  

CO2 is relatively cheap, non-toxic, non-flammable and inert towards reactive 

compounds. Furthermore, CO2 has an easily accessible critical point (31.1 °C, 

73.8 bar), when compared to other substances. For example, water has much 

higher Tc and pc (374.2 °C, 221 bar), thus its use is more energy intensive and 

expensive when compared to scCO2. 

Also, CO2 can be obtained from other industrial processes where it is produced as 

a by-product, in fact an important focus of modern science is on CO2 capture [99]. 

This means that carbon dioxide is a very widely available resource that scientists 
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need to carefully plan to utilise and, since CO2-assisted synthesis and processing 

reuse gas that is produced from other industrial processes, the net emission in the 

atmosphere is not increased [10]. 

Moreover, with the appropriate system design, the used CO2 can be separated and 

recycled at the end of the process, thus potentially making the overall system 

highly commercially sustainable and viable, as currently done for CO2-assisted 

extraction processes [95]. 

Carbon dioxide in its supercritical condition is characterised by low viscosity, 

high diffusivity and a tunable liquid-like density. For these reasons, scCO2 can be 

an effective alternative to organic solvents in a wide range of applications. 

The main industrial application in which scCO2 finds purpose is in extraction 

processes, such as the extraction of caffeine from coffee beans or the extraction of 

essential oils from seeds [95, 100-104]. 

In recent years, new possible applications for scCO2 have been investigated. For 

instance, CO2 has been used for the synthesis of inorganic nanoparticles [105] and 

for biodiesel production [106]. Furthermore, the interest in employing scCO2 as a 

medium for synthesis and processing of polymers has been constantly growing in 

the last two decades [10, 85, 91, 97, 98, 107-111]. 

 

1.4.1.1 Interaction of scCO2 with polymers 
 

In general, scCO2 is a poor solvent for most polymers, with rare exceptions 

including fluoropolymers, silicones and few vinyl ester polymers and copolymers 

[97, 112, 113]. Nevertheless, CO2 is very effective at penetrating and dissolving 

into polymeric materials, plasticising and effectively liquefying many polymers at 

temperatures well below their normal ambient pressure glass transition (Tg) and 

melting point (Tm) [91, 98, 107, 114, 115]. 

Below the Tg the chains in the amorphous regions of a polymer are locked into a 

rigid structure, whilst above the Tg they have enough thermal energy to move past 

each other when an external force is applied [116]. For this reason, polymers are 

typically processed at a temperature their Tg (or Tm when semicrystalline) [117-

119]. However, the melt viscosity of polymers can be quite high; therefore, either 

considerably high temperatures or organic solvents are often required to facilitate 

their synthesis, processing and modification [120, 121]. 
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Through addition of pressurised CO2, the processing temperatures of many 

polymers can be lowered as the CO2 molecules embed themselves between the 

polymer chains. This increases the spacing and the free volume fraction (vf) 

allowing the polymer chains to slide past each other at a lower temperature; 

therefore, the CO2 molecules act as a classic low molecular weight plasticiser [98, 

107, 115, 122]. Moreover, the addition of CO2 can also dramatically reduce the 

viscosity of polymer melts [120, 123, 124]. 

Finally, it is important to remark that CO2 is also very different from classic 

plasticisers as its concentration (and hence the extent of the plasticisation) can be 

effectively tuned by controlling the applied pressure (Figure 1.12) [125]. 

 

 
Figure 1.12 – Depression of the Tg for poly(styrene) with increasing CO2 pressure. The graph 

is reproduced from reference [125]. 

 

A more in-depth description of the effects of high-pressure CO2 on the rheological 

and mechanical properties of polymers and additional references on this subject 

are given in the introduction to Chapter 3. 

 

 



 25 

1.5 Research aims 

 

 

Modern polymer chemistry is characterised by several challenges. As previously 

stated, the research trends have been pushed towards the investigations of more 

environmentally friendly alternative materials and alternative synthetic procedures. 

One of the primary tasks is the expansion of the range of polymers derived from 

renewable sources. Similarly, the interest in finding greener replacements to 

traditional catalytic methods and designing novel synthetic approaches is 

becoming more and more important. This would allow synthesis to be conducted 

in a more environmentally friendly manner, avoiding harsh reaction conditions 

and diminishing (or completely eliminating) the utilisation of volatile organic 

compounds (VOCs). 

This introductory chapter has outlined the background and fundamental chemistry 

upon which the research work presented in this thesis will be based on. Enzymes 

and CO2 have been anticipated as suitable candidates for the design of novel 

synthetic procedures that can lead to the preparation of bio-based polymers 

through energetically and environmentally sustainable routes. 

Therefore, this research aims to provide a route to sustainable and green polymer 

synthesis by combining scCO2, a commercially available lipase (Novozym 435) 

and the use of renewable monomers. 

 

Chapter 2 provides a detailed description of the high-pressure equipment used for 

synthesis and characterisation throughout this thesis. The standard operating 

procedures are also included. 

Chapter 3 presents the high-pressure rheological analyses conducted on two PCL 

samples with different molecular weights. Shear moduli and shear viscosity 

studies performed over a range of pressures and temperatures are shown. The 

results are correlated to visual observations using a high-pressure fixed volume 

view cell. Besides, the effects of pressurised CO2 are compared to those of high 

temperatures and those obtained through the use of a non-plasticising gas. 

Chapter 4 aims to answer the question whether the combined use of CO2 and 

Novozym 435 could be used to synthesise telechelic semi-crystalline bio-based 

polyesters directly from the diacid (i.e. without preliminary esterification) through 
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a solvent-free/low-temperature approach. Chains with varied DP are targeted and 

different functional end-cappers are used. Comparisons with high temperature 

melt polymerisations are shown to highlight the advantages obtained by using 

scCO2. 

Finally, Chapter 5 describes the attempt of extending this approach to the 

synthesis of amphiphilic block copolymers, opening up the possibility of 

preparing bio-based surfactants for detergents, and nano-carriers for medical 

applications. 
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2 Experimental: high-pressure techniques 

 

 

This chapter describes in detail the experimental high-pressure apparatus 

employed throughout the project. First, the general high-pressure setup is depicted 

and then additional information on the specific equipment used to carry out 

polymerisations and characterisations under pressure is given, i.e.: 

 

1. The in-house built clamp-sealed stainless steel autoclave utilised for the 

high-pressure polymerisations;  

2. The in-house built stainless steel view cell equipped with sapphire 

windows to study the behaviour of samples in CO2;  

3. The commercial high-pressure rheometer used for the rheometric studies 

under pressure. 

 

Experimental practises are summarised covering the standard operating procedure 

for all the apparatus. 

Specific additional details related to reactants, solvents, reaction conditions and 

particular characterisation of products (structural, thermal etc.) can be found in the 

experimental part of the individual following chapters. 
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2.1 General high-pressure setup 

 

 

In their most general description, the high-pressure systems consisted of a means 

of supplying the desired pressure to the systems (i.e. a pump), high-pressure 

Swagelok® tubing and fittings, a stainless steel vessel (for reactions or 

characterisations) and monitoring equipment necessary to check continuously the 

pressure and temperature values. 

The standard system to supply pressure to the reaction vessels is depicted in 

schematic form (Figure 2.1). 

 
Figure 2.1 - Schematic diagram of a general high-pressure setup. Non return valves (NRV) 

are placed before and after the Pickel pump to prevent backflows. 

 

A PM-101 SFE Pickel pump (New Ways of Analytics, Germany) was used to 

deliver compressed CO2 to the autoclaves. The pump is composed of a gas input, 

a refrigerator unit for gas liquefaction and an outlet. The pump draws gaseous 

CO2 from the cylinder (at a pressure of 55 bar), and the gas is condensed into a 

liquid by the pump refrigerator. Compressed air at 3-5 bar (supplied by an 

external compressor) is needed to compress the liquid CO2 and achieve the 
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desired output pressure (typically 275-280 bar), which can be set via an external 

knob on the pump. 

High-pressure stainless steel tubing supplied by Swagelok® were used to 

transport the compressed CO2 to the reaction rigs. Manual HiP valves (High 

Pressure Equipment Company, USA) were employed to control the CO2 inlet and 

outlet flows when filling the autoclaves and at the end of the reactions to vent the 

system. Non-return valves (NRV) were also employed before each autoclave, to 

prevent backflow and hence avoid contamination in the CO2 supply line and into 

the pump. An optional N2 cylinder could be integrated in the line, via a 

Swagelok® T-piece, to allow for pressurisation with a non-plasticising gas if 

needed. 

 

 

2.1.1 MK III Clamp sealed autoclaves 

 

 

The reaction autoclaves used to conduct the polymerisations consisted of 20 mL 

or 60 mL stainless steel 316 vessels designed in-house at the University of 

Nottingham. These are described in detail elsewhere [1, 2]. 

In general, the autoclave consists of a stainless steel base and a head, which is 

attached to the base with a stainless steel clamp (Figure 2.2). The maximum 

working pressure of this stainless steel vessel is 300 bar at 300 °C. 
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Figure 2.2 – MK III clamp sealed autoclave equipped with a 20 mL base. 

 

The autoclave is composed of: 

1. Inlet pipe 

2. Base (20 mL or 60 mL) 

3. Clamp 

4. Thermocouple 

5. Spring release valve 

6. Safety key 

7. Outlet pipe 

8. Magnetically coupled stirrer 

 

For clarity, the autoclave is shown in graphic form (Figure 2.3). An ethylene 

propylene diene monomer rubber (EPDM) O-ring is used to seal the clamped base 

and head. The use of EPDM O-rings limits the pressure and temperature range to 

300 bar at 150 °C. The minimum service temperature is around -50 °C. 
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Figure 2.3 – Schematic diagram of a 60 mL MKIII autoclave: (1) head, (2) body, (3) clamp, 

(4) stirrer, (5) spring-release valve, (6) knob, (7) screw insert, (8) access hole, (9) safety 

needle, (10) EPDM O-ring and (11) magnetically coupled stirrer. 

 

The head of the reactor is equipped with a magnetically coupled stirrer column, 

inlet and outlet high-pressure pipes, an internal thermocouple, a spring-release 

valve (which releases pressures at above 345 bar). 

A safety key insert is also present on the head. The safety key is composed of a 

safety needle and a knob. The safety needle fits in the insert, thus finally sealing 

the system. If the safety needle is loosened slightly when the system is under 

pressure, the pressure is slowly and safely released through the insert. Therefore, 

since the knob has a unique shape that is necessary to close and open the 

autoclave clamp (Figure 2.4), this guarantees that it is not possible to open the 

vessel with residual pressure in it. 
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Figure 2.4 – Safety key and clamp to seal the autoclave. To ensure the complete release of 

pressure before opening the vessel, each clamp has a unique fitted safety key. 

 

In order to allow for constant monitoring of the system pressure, the inlet pipe is 

connected to pressure transducer. Piezoelectric transducers were used in all the 

rigs. These devices use the piezoelectric effect to monitor the pressure through 

conversion of the strain experienced under pressure by a quartz crystal to an 

electrical output, which can be read on a display. A calibration performed by the 

manufacturer allows for precise and reproducible readouts. 

A stainless steel heating jacket (Watlow, UK) that fits on the base provided 

efficient heating during the experiments. The heating jacket and the thermocouple 

Type-K (chromel-alumel) (RS Components, UK) are connected to a CAL-3300 

digital heating controller (CAL Controls, USA). This allows the temperature to be 

fine-tuned as required. 

Stirring of the reaction is achieved through an overhead stirring motor (IKA 

Works GmbH, Germany) magnetically connected to the internal autoclave stirrer. 

Two different lengths of the shaft are available and chosen depending on the size 

of the base. Stirring rate between 50 and 2000 revolutions per minute (rpm) can 

be achieved. Normally, 100 rpm were used. 

Finally, a trip switch is incorporated in the rig. This is connected to the pressure 

controller and supplies energy to the heating system. In this way, if the pressure 

exceeds the set upper limit (in this case 300 bar), the power supply to the heating 

jacket will be disabled and the pressure will decrease as a consequence of the 

temperature drop. 
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2.1.1.1 Standard operating procedure (SOP) for MK III clamp sealed 

polymerisations autoclave 

 

In order to minimise risks and increase safety of the high-pressure 

polymerisations, the following SOP was adhered to: 

 

1. The autoclave was fully assembled by placing an EPDM o-ring between 

the head and body of the autoclave. The two parts were then clamped 

together. The clamp was tightened using the safety key, which was then 

screwed into the head. The inlet and outlet pipes were connected and the 

Swagelok® fittings tightened, then the heating jacket was secured around 

the body. 

2. The thermocouple was connected to the control box to monitor the internal 

autoclave temperature. 

3. The setup was leak tested by pressurising to ~40bar (with CO2 or N2) at 

room temperature. All fittings were checked for leaks using Snoop® liquid 

leak detector.  

4. If required, the autoclave was vented to ambient pressure through the 

outlet HiP tap and any leaking fittings adjusted. Fittings were never 

tightened under pressure. 

5. Steps 3 and 4 were repeated until no leaks remained. 

6. Residual pressure from the leak test was vented until the autoclave was at 

atmospheric pressure. The vessel was opened and the appropriate amount 

of reactants, catalyst and molecular sieves was added to the bottom part of 

the autoclave. 

7. The autoclave was once again clamped together and purged with a flow of 

CO2 (at 2 bar) to flush out residual air from the system (keeping the safety 

key unscrewed) for 5 minutes. 

8. After this time the safety key was screwed into the head to finally seal the 

vessel. 

9. The stirrer was switched on, set to 100 rpm, and the vessel pressurised to 

around 50 bar. 

10. The heating jacket was connected to the control box and the temperature 

set to the desired value with the pressure monitored throughout. 
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11. The autoclave was allowed to reach its final temperature and the pressure 

increased to 275 bar by slow addition of CO2. 

12. After the desired reaction time, the reactions were stopped by switching 

off and removing the heating jacket from the body, and placing the vessel 

in a water/ice bath (0 °C). 

13. When the pressure was around or below 20 bar, the CO2 was vented into 

the fumehood by opening the outlet HiP tap. Generally this was over a 20-

30 minute period. 

14. Once at ambient temperature and pressure, the safety key was removed 

and the Swagelok® fittings undone. 

15.  Finally, the clamp was opened and the product collected. 

 

 

2.1.2 High-pressure fixed volume view cell 

 

 

In order to study the behaviour of polymers and reagents under high-pressure CO2, 

a fixed volume (100 mL) view cell was used (Figure 2.5). 

 

 
Figure 2.5 - Side view of the high-pressure view cell (fully assembled). An external lamp was 

positioned at the back of the autoclave to increase the light and the visibility inside of the cell. 
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This view cell was manufactured in-house at the University of Nottingham and its 

basic design is similar to the MKIII autoclave, consisting of a cylindrical body 

heated by internal cartridges (Watlow, UK) and kept horizontally in the fumehood. 

Two heads containing sapphire windows are clamped to the two ends of the body 

with the same safety key/clamp system. The view cell body houses the inlet and 

outlet pipes. The internal and the body temperature were monitored by two 

thermocouples Type-K (chromel-alumel) (RS Components, UK) connected to a 

CAL-3300 digital heating controller (CAL Controls, USA). The need for two 

different thermocouples (internal and external) is given by the increased thickness 

of the wall of this autoclave. 

Similarly to the reaction autoclaves, the inlet pipe is connected to pressure 

transducer in order to allow for constant monitoring of the system pressure. A trip 

switch connected to the pressure box and temperature monitor was also included 

for safety. A stirrer is attached on top of the body, but this was not used for the 

investigations described in this thesis. 

For increased clarity, the view cell is shown also in its schematic form (Figure 

2.6). 
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Figure 2.6 – Scheme of the 100 mL fixed volume view cell: (1) heads, (2) sapphire windows, 

(3) clamps, (4) stirrer, (5) heating cartridges holes, (6) safety key, (7) vent hole, (8) screw 

insert, (9) safety needle, (10) o-ring gap, (11) overhead stirrer attachment. 

 

2.1.2.1 Standard operating procedure for clamp-sealed 100 mL view cell 

 

The SOP for the usage of this autoclave was as follow: 

 

1. The view cell was fully assembled: 

a. EPDM o-rings were fitted around the sapphire windows (one for 

each window);  

b. Teflon spacers were put between the windows and the relative 

heads (to ensure pressure of the sapphires against a soft surface); 

c. The head was laid onto a level surface and the sapphire windows 

fully inserted in the heads; 

d. An EPDM o-ring was placed in the body at the rear end, then the 

back head and body clamped together (tightening the clamp with 

the safety key). The body was positioned on a purpose-built stand 
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and secured in place in the fumehood. The inlet and outlet pipes 

were attached and the Swagelok® fittings tightened; 

e. The heating cartridges were inserted into the body, then an EPDM 

o-ring was placed in the front end of the body and then the front 

head clamped to the body. The clamp was tightened using the 

safety key, which was then screwed into the body. 

2. The internal and external thermocouples were connected to the control box. 

3. A polycarbonate safety screen was positioned in front of the window, 

removing it only when at ambient pressure. 

4. The setup was leak tested by pressurising to ~40 bar (using CO2). All 

fittings were checked for leaks with Snoop® liquid leak detector.  

5. If required, the autoclave was vented to ambient pressure through the 

outlet HIP tap and any leaking fittings adjusted. 

6. Steps 4 and 5 were repeated until no leaks remained. 

7. Residual pressure from the leak test was vented until the autoclave was at 

atmospheric pressure. The key was removed and the front end opened. 

Then, solid materials (polymers or monomer) contained in an open glass 

vial (kept in place in the autoclave by using Blu-Tack) were placed inside. 

The front end was then re-sealed. 

8. The safety screen was positioned again in front of the window. 

9. The pressure was raised to 50 bar. 

10. The heating cartridges were connected to the control box and set to the 

desired temperature with the pressure monitored throughout. Typically, a 

lag (2-3 °C) was observed between the internal and external thermocouple 

due to the increased wall thickness relative to the MKIII autoclave. 

11. When the temperature reached the set value, the pressure was increased to 

the experimental desired value by slow addition of CO2. 

12. Once complete, the heating cartridges were switched off to cool the 

autoclave, allowing the temperature to drop to ambient. 

13. The CO2 was vented into the fume hood by opening outlet HiP tap. This 

was done slowly (over a 45 minute period) to avoid excessive foaming and 

stress on the windows. 

14. Once at ambient temperature and pressure, the safety key was removed, 

and the front end clamp opened 
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15.  Finally, the vial containing the sample was collected. 

 

 

2.1.3 High-pressure rheometer 

 

 

A Physica MCR301 rheometer (Anton Paar, Austria) equipped with a 150 bar 

high-pressure cell, a Peltier temperature controller and parallel plate geometry of 

diameter 20 mm and fixed gap of 1 mm (PP20/Pr) was used for the oscillatory 

rheometric studies. A different rheometer, Physica MCR103 (Anton Paar, 

Austria) with the same PP20/Pr geometry and an electrically heated 400 bar high-

pressure cell was used for the rotational viscosity studies. Thanks to the Peltier 

unit the MCR301 rheometer afforded a controlled cooling rate, and hence a 

controlled crystallisation of the samples, which is a fundamental requirement 

when analysing the melting point of materials. This could not be achieved with 

the electrically heated 400 bar cell of the MCR103 (hence, this rheometer was 

used only for viscosity studies at a fixed temperature at higher pressures). 

However, in both cases the rheometer is essentially a high-pressure autoclave held 

together by a screw thread and sealed with an EPDM o-ring. Previous studies 

have shown that this apparatus can be used to measure viscosities with a precision 

of 0.25 Pa.s [3]. 

The lower part of the rheometer contains a removable stainless steel cup that 

houses the inlet/outlet pipe and a burst disc (i.e. a pressure relief device) (Figure 

2.7). 
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Figure 2.7 – Picture of the rheometer and schematic diagram of the pressure cell supplied by 

Anton Paar. The cylindrical burst disc can be seen in the picture on the left of the pressure 

cell. 

 

The head of the cell has the PP20/Pr geometry attached and is combined to the 

rotating spindle of the rheometer though a magnetic coupling. Two ball bearings 

in the pressure head ensure minimal friction. However, a “motor-adjustment” 

performed without sample is always needed before carrying out any experiments 

to take in account the (small but still present) internal friction of the system. 

Besides, an “air-check” is typically conducted before each rheology session, in 

order to test the bearings (controlling if replacements are needed). 

The CO2 is added via a 260D syringe pump (Teledyne ISCO, USA) using a high-

pressure line composed of HiP taps and Swagelok® tubing and fittings. The 

syringe pump keeps the pressure constant to the set value (by appropriate 

displacement of a piston) and hence it can counteract any leaks that may occur 

within the system and also ensure that the pressure remains constant during 

temperature scans or fluctuations. 

An optional N2 cylinder can be connected to the rheometer inlet through a HiP tap 

and excluding the syringe pump from the line. 
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In addition to the usual piezoelectric pressure transducer, the rheometer has also a 

Bourdon-tube gauge integrated by the supplier on the inlet line. 

Since this rig is slightly different from the general high-pressure setup, the scheme 

of the full high-pressure rheometer rig is shown (Figure 2.8). 
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Figure 2.8 – High-pressure rheometer rig schematic: a N2 cylinder could be attached to the HiP tap 6; the line was equipped with a piezoelectric pressure transducer 

(P1) and a Bourdon-tube gauge (P2). The HiP taps 3 and 4 allowed for exclusion of the syringe pump and direct filling of the cell from the CO2 cylinder. 
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2.1.3.1 Standard operating procedure for high-pressure rheometric studies 

 

Details on the specific settings used for the viscosity and mechanical studies 

under high-pressure can be found in Chapter 3. However, the general SOP for the 

usage of this piece of equipment was as follow: 

 

1. The high-pressure cell was fully assembled: 

a. An EPDM o-ring was fitted around the pressure head;  

b. The pressure head was screwed tightly on the measuring cup by 

using the appropriate spanner provided by Anton Paar; 

c. The inlet pipe was connected to the measuring cup and the fitting 

tightened; 

d. A polycarbonate shield was put in in front of the rheometer 

whenever pressure was used in the system. 

2. The setup was leak tested by pressurising to ~40 bar (using CO2). All 

fittings were checked for leaks with Snoop® liquid leak detector.  

3. If required, the cell was vented to ambient pressure through the outlet tap 

and any leaking fittings adjusted. 

4. Steps 2 and 3 were repeated until no leaks remained. 

5. Residual pressure from the leak test was vented until the autoclave was at 

atmospheric pressure. A “motor-adjustment” and an “air-check” were run 

at ambient pressure to warm-up the rheometer, record the internal friction 

of the system and check whether the bearings in the pressure-head needed 

replacement or not. 

6. If needed, the pressure-head bearings were replaced and an “air-check” run 

again to ensure the internal friction of the system was minimal. A “motor-

adjustment” was run each time the bearings were changed and before each 

“air-check”. 

7. When the “air-check” afforded a positive result, the cell was opened and 

the sample inserted in the measuring cup. 

8. The sample was molten and the pressure head was once again screwed in 

to create a polymer disk: this ensured an even sample was being measured 

and the thermal history of the sample deleted. 
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9. The desired temperature and analysis settings (e.g. oscillation/rotation, 

frequency/shear rate etc.) were set. 

a. If pressure was needed, CO2 was loaded through the syringe pump 

(ensuring the syringe pump had enough CO2 in it); 

b. If the syringe pump needed refilling, this was done by opening the 

HiP taps between the CO2 cylinder and the syringe pump (set on 

“REFILL”); 

c. The was left for the appropriate soaking time (see Chapter 3 for 

details); 

d. The HiP taps on the inlet line where left open to ensure a constant 

pressure throughout temperature sweeps. 

10. The pressure was constantly monitored from the readings on the pressure 

box, Bourdon-tube gauge and syringe pump display. 

11. Once complete, the heating was switched off to cool the autoclave, 

allowing the temperature to drop to ambient. For the MCR103 a water 

circulator was used to speed up this process.  

12. The CO2 was vented into from outlet tap. This was done slowly (typically 

over a 35 minute period) to avoid excessive foaming of the polymers. 

13. Once at ambient temperature and pressure, the pressure-head was 

unscrewed and the measuring cup removed and cleaned. 

 

N.B. Whenever N2 pressure was needed, the gas was supplied directly from a 

cylinder (200 bar) by manual control of the inlet flow through HiP taps. 
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3 High-pressure rheological analysis of CO2-induced melting 

point depression and viscosity reduction of poly(!-

caprolactone) 

 

 

Thermoplastic polymers are normally processed in the molten state. Typical melt 

processes employed on the industrial scale are extrusion and injection moulding. 

Both of them involve steps such as: (a) heating and melting of the polymer, (b) 

driving the polymer into the shaping unit, (c) shaping the melt and (d) final 

cooling and solidification [1, 2]. 

In general, high viscosity characterises polymer melts thus rendering melt 

processes energy intensive and, sometimes, problematic [3, 4]. Hence, 

understanding and quantifying the effects of compressed CO2 on the mechanical 

and rheological properties of polymers are basic requirements in order to develop 

CO2-assisted melt processes. 

In the current literature much information is available on the effects of scCO2 on 

amorphous polymers [5-10]. However, there is a lack of any direct study of the 

loss and storage moduli as a function of temperature and pressure for the detection 

of the melting point depression of semicrystalline polymers under pressure. 

This chapter describes the use of high-pressure rheology to assess the effects of 

supercritical carbon dioxide (scCO2) on the melting point (Tm) and viscosity of 

poly(!-caprolactone) (PCL), a semicrystalline polyester, over a range of 

temperatures and pressures up to 300 bar over a wide range of shear rates. The 

author hypothesised that plots of the storage and loss moduli against temperature 

could be used to obtain important information on the Tm of the polymer in the 

presence of CO2, therefore giving a rheological viewpoint to the Tm depression. 

Furthermore, since only few shear viscosity data over a narrow shear rate range 

are available for PCL in the presence of scCO2, in-depth viscosity studies will be 

presented. Experimental viscosity data will be fitted to the Carreau model to 

quantify the extent of the plasticising effects on the zero-shear viscosity and 

relaxation time under different conditions. Similar analyses will be conducted 

under high-pressure nitrogen and at high temperature, to compare the effects of 
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pressurised CO2 to those obtained in the presence of a non-plasticising gas and to 

high-temperature processes. Furthermore, the rheology results will be 

corroborated with visual observations by using a fixed volume high-pressure view 

cell. 

 

The results of this chapter are published in the paper: 

 

S. Curia, D.S.A. De Focatiis and S.M. Howdle, “High-pressure rheological 

analysis of CO2-induced melting point depression and viscosity reduction of 

poly(!-caprolactone)”, Polymer (69), 2015, 17-24 
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3.1 Introduction 

 

 

In recent years there has been increasing interest in the use of high-pressure CO2 

as a reaction medium or plasticiser for polymer synthesis and processing [11-16]. 

CO2 has been exploited as a solvent for polymerisations [17, 18], as a foaming 

agent [11, 19-23], for precipitation/separation [24], particle formation [25, 26] and 

encapsulation [27]. 

As described in Chapter 1 (Section 1.4.1.1, page 23), CO2 acts like a typical low 

molecular weight (MW) plasticiser for a variety of polymers, but it is also very 

different because the concentration can be selectively tailored by controlling the 

pressure [6, 8, 9, 12, 26, 28-34]. Hence, the extent of polymer softening can be 

easily controlled. 

This phenomenon is known as CO2-induced plasticisation. This allows an initially 

glassy polymer to demonstrate the flexible properties associated with a rubbery or 

liquid-like state when exposed to pressurised CO2. 

By lowering the glass transition temperature (Tg) and reducing viscosity, new 

processing routes might be available for the plasticised polymer melts that could 

not only reduce energy costs associated with the process, but also improve the 

overall efficiency. In fact, this phenomenon opens up opportunities for novel 

processes and incorporation of thermally labile molecules [27, 35]. 

CO2-induced plasticisation mimics the effect of heating the polymer and it is 

characterised by an increased segmental and chain mobility [36]. 

Due to their linear structure and symmetry, CO2 molecules do not have a dipole 

moment. Nonetheless, they exhibit significant specific interactions with many 

polymers, owing to their large quadrupole moment and Lewis acidity [15, 37]. 

Fourier Transform Infrared spectroscopy (FTIR) has been used to confirm and 

study these interactions in depth [38, 39]. 

Examples of chemical moieties found in polymers that can show weak 

interactions with CO2 are carbonyl, ether and aromatic groups (Figure 3.1). CO2 

has been proven to act as an electron acceptor for polymers containing lone 

electron pairs (e.g. carbonyl groups in polyesters) and to interact electrostatically 
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with "-systems (e.g. the phenyl rings in poly(styrene)) [38, 40]. These interactions 

can significantly enhance CO2 sorption levels relative to polymers with no 

distinctive functional groups, such as poly(ethylene) [38]. 

In addition to this, the free volume fraction (vf) of the polymer has an influence on 

the CO2 sorption [41]. For example, even though carbon dioxide has a very low 

solubility in a non-polar polymer such as poly(ethylene) it has high solubility in a 

non-polar polymer like poly(dimethyl siloxane) (PDMS). This difference is 

thought to be due to the high chain flexibility and larger vf of PDMS [41]. 
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 (a)    (b)    (c) 
Figure 3.1 – Weak interactions of CO2 with different chemical groups that can be found in 

polymer backbones: (a) carbonyl, (b) ether and (c) aromatic rings. 

 

The interactions between the chemical groups found in the backbone of polymers 

and the CO2 molecules often result in high sorption levels that decrease the 

intermolecular bonding between the chains [10]. This causes an increase in the vf 

of the polymer and therefore a higher mobility of the polymer chains, hence, 

leading to a decrease in viscosity with the CO2 molecules acting as molecular 

lubricants [10, 26]. 

The CO2 sorption levels for different polymers have been quantified by 

gravimetry [33], chromatography [40] and optical inspection [42]. For example, a 

suspension balance was used to quantify the CO2 sorption for homo- and 

copolymers of lactide and glycolide indicating a weak effect of the MW and a 

more important role of the copolymer composition [33]. Both chromatographic 

investigations on poly(methyl methacrylate) [40] and optical inspection on PCL 

[42] showed that CO2 sorption levels increase with pressure and decrease with 

increasing temperature. 
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Another important characteristic of the CO2-induced plasticisation is that this 

phenomenon is reversible: upon depressurisation the supercritical solvent is 

removed and the polymer reverts to its initial physical state. For this reason, this 

use of CO2 can be extremely valuable in the preparation of polymeric materials 

for food packaging and medical applications [26, 36, 43]. 

For instance, this effect can be exploited to produce porous materials based on 

biodegradable polyesters with Tg above ambient temperature, which can find 

applications in tissue engineering as scaffolds for cellular growth [23, 43, 44]. 

In these types of processes, during the depressurisation stage run at constant 

temperature, the pressure decreases and the CO2 phase changes from supercritical, 

to liquid and then to gas. Consequently, nucleation and growth of gas bubbles 

occurs in the rubbery polymer, thus producing pores. Contemporaneously, the 

polymer Tg increases as a consequence of the resulting lower plasticiser 

concentration. Finally, the porous structure is fixed in the glassy state once the Tg 

approaches the ambient pressure value and the polymer becomes solid again at 

ambient temperature and pressure [19, 23, 45]. 

Furthermore, the CO2 plasticisation can also induce crystallisation [46]. In some 

case the dissolved CO2 can in fact reduce the Tg and enhance the chain mobility, 

thereby favouring the packing process of the macromolecules and thus increasing 

the degree of crystallinity of a polymer after depressurisation compared to its 

pristine state. This effect has been observed for several polymers such as 

poly(lactic acid) [47], tert-butyl poly(ether ether ketone) [48] and poly(ethylene 

terephthalate) [49]. 

The foaming process can be extended to different polymers to produce porous 

materials not only for medical applications, but also for a wide range of different 

uses. For example, nanocomposite polymeric foams based on poly(carbonate) 

(PC) containing carbon nanotubes (CNTs) find application in electromagnetic 

interference shielding devices (Figure 3.2) [21]. 
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Figure 3.2 – PC based foams containing CNTs with different concentrations (0% left, 1% 

centre, 2% right) obtained CO2 processing [21]. 

 

Furthermore, precise control of the depressurisation rate allows for control of the 

three-dimensional structure and, hence, of the pore size of the foamed materials 

(Figure 3.3) [23]. Finally, if a solid non-porous material has to be prepared, 

cooling of the polymer with dry ice before venting effectively prevents foaming 

[50]. 

 

 
Figure 3.3 - Effect of depressurisation rate on poly("-pentadecalactone-co-!-caprolactone) 

scaffold morphology, where p is the porosity and d the pore diameter. The pore size becomes 

bigger and with a broader distribution with lower flow rates [23]. 

 

To sum up, these effects together with the accessible critical point of CO2 

(31.1 °C and 73.8 bar) and its non-flammability, non-toxicity and low price, make 

CO2 a valuable renewable alternative to conventional solvents for polymer 

synthesis and processing. 
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3.1.1 Melt processing in CO2 

 

High viscosity can be the major complication when processing polymers [2, 4, 51]. 

In order to overcome this issue the easiest option is to heat the polymer and 

decrease its viscosity. However, this solution can be rather energy intensive; for 

instance, melt processing of PCL requires temperatures around 140 °C to achieve 

a sufficiently low viscosity [52-54]. Moreover, at high temperatures the 

degradation of some polymers can become an important concern [4]. 

A second option is the use of organic solvents to prepare low viscosity polymer 

solutions. This allows for lower temperature processing; nonetheless, additional 

problems associated with the purification of the polymers and environmental 

concerns arise [4]. 

Furthermore, both of these options are far from being ideal when preparing 

polymeric materials for medical applications, since large amounts of solvents and 

high temperatures can easily inactivate bioactive molecules [55]. 

For these reasons, in the last twenty years increased attention has being given to 

CO2-assisted processes in which the temporary CO2-induced polymer 

plasticisation is exploited to achieve low temperature processing without the aid 

of solvents [6, 13, 27, 28, 37, 51]. 

As a consequence, experimental and theoretical studies on the rheological 

properties of polymer/CO2 systems have generated much interest and are still 

topical in modern polymer science [4, 6, 10, 13, 26, 56]. 

 

3.1.1.1 Rheology of polymers in CO2 

 

Rheological studies are crucial to determine the effects that pressurised CO2 has 

on polymers. Hence, not only they are needed to obtain information on the 

processability of polymers under pressure, but also to understand the advantages 

and the commercial feasibility of high-pressure processes from an industrial 

perspective. 

Many shear viscosity studies that can be found in the literature have focussed on 

vinyl polymer such as poly(methyl methacrylate) [32], poly(propylene) [56], 
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poly(styrene) [16] and biodegradable polymers like poly(lactic acid) [10, 57] and 

poly(ethylene glycol) [25, 29, 34]. 

Typical data show the viscosity values versus shear rate at different pressures 

(Figure 3.4). 

 
Figure 3.4 - Viscosity vs shear-rate for poly(methyl methacrylate) at various CO2 pressures 

at 210 °C. Graph adapted from reference [32]. 

 

Several high-pressure studies are also available in the literature for some of these 

polymers dissolved in conventional [58, 59] and green solvents [12] when 

exposed to CO2. Also in these cases a decrease in the viscosity was observed 

when increasing the CO2 pressure, and the largest relative viscosity reduction was 

detected at the lowest temperature and the highest CO2 pressure.  

However, so far most of the research has strongly focussed on amorphous 

polymers and much less information is available for semicrystalline systems. 

 

 

3.1.2 Poly(!-caprolactone) and aims of the study 

 

Poly(!-caprolactone) (PCL) is a hydrophobic biodegradable polyester used in a 

wide range of applications such as food packaging, engineering materials, medical 

materials and adhesives [54, 60-65]. It is a semicrystalline polyester, with Tm ~55-

70 °C (depending on the MW) and Tg ~-60 °C, that is generally synthesised 

through ring-opening polymerisation of !-caprolactone (!-CL) using metal-based 
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catalysts such as stannous octanoate (Sn(Oct)2) or enzymes such as Candida 

antarctica Lipase B (CaLB) (Figure 3.5) [50, 66]. 
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Figure 3.5 - Schematic synthesis of poly(!-caprolactone) using a catalyst and a general 

initiator ROH (R= -H, -CH3, -(CH2)xCH3, -C6H5 etc.). This polymerisation can be carried out 

both in solvents (such as toluene), in the bulk and in scCO2. Typically used catalysts are 

organometallic catalysts and enzymes [50, 66, 67]. 

 

The degradation of PCL occurs through the hydrolysis of its ester linkages under 

physiological conditions [66]. For this reason, PCL has also received much 

attention for use as an implantable, resorbable material and it is already used in 

many medical applications such as drug delivery, sutures, dentistry and tissue 

engineering [19, 22, 42, 45, 66]. 

Nonetheless, as mentioned previously, molten PCL requires the use of high 

temperatures (above 140 °C) in order to achieve suitably low viscosities for melt 

processing [52-54]. These conditions are not acceptable for most medical 

applications where bioactive molecules are incorporated into the polymer, since 

these can be easily damaged by the high temperature. As described in Section 

3.1.1 (page 56), lower temperature processing can be achieved by use of organic 

solvents, but this introduces unwelcome residues and can inactivate complex 

biomolecules [55]. In addition, the use of solvents imposes the need for an often 

challenging purification step for their removal after processing, thus making the 

overall process longer and more expensive.  

The ability of CO2 to be absorbed into PCL has been previously shown [68]. A 

change in the morphology of the polymer under CO2 was also observed through 

FTIR analysis by monitoring the carbonyl peak at 1720 cm-1 [69], and a decrease 

in the reptation time in the presence of high-pressure CO2 was also found by the 

same group [53]. The plasticisation of this polymer under CO2 was also studied 

optically [70, 71] and through high-pressure calorimetry [72]. 

In addition, the diffusivity, solubility and specific volume of PCL/CO2 solutions 

have been recently studied by coupling gravimetric and spectroscopic techniques 
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[73, 74]. Thus, there is no doubt that high-pressure studies for the development 

and optimisation of CO2–assisted polymer processing techniques are relevant and 

timely [13]. 

However, in the current literature there is a lack of any direct study of the loss and 

storage moduli as a function of temperature and pressure, and hence of the Tm of 

PCL in CO2 through high-pressure rheological analysis. Therefore, we have 

investigated the use of high-pressure rheology to detect the melting point of PCL 

under CO2 (1-120 bar) by conducting an oscillatory rheometric study under high-

pressure conditions. 

Furthermore, to the best knowledge of the author, very little shear viscosity data 

over a very narrow shear rate range are available for PCL in the presence of 

scCO2 [75]. Hence, the aims of this study are to measure the Tm depression of 

PCL through direct monitoring of the polymer viscoelasticity under CO2, and to 

study the effects of compressed CO2 and N2 on the shear viscosities of two grades 

of PCL of different molar mass (10 kg mol-1 and 80 kg mol-1) under various 

temperature and pressure conditions, over a wide range of shear rates. These data 

will contribute to the understanding of the structural state of semicrystalline 

polyesters in the presence of scCO2, and will aid the development of lower 

temperature melt processes of such polymers. 
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3.2 Experimental 

 

 

3.2.1 Materials 

 

PCL flakes (PCL10) with a density of 1.15 g mL-1 at 25 °C, Mn ~10 kg mol-1 and 

Mw ~14 kg mol-1 (by GPC declared from the supplier) and PCL beads (PCL80) 

with a density of 1.15 g mL-1 at 25 °C, Mn ~80 kg mol-1 and Mw ~94 kg mol-1 (by 

GPC declared from the supplier) were purchased from Sigma Aldrich (UK). The 

polymers were ground to obtain a granular-powdery sample (particle size 0.5-1 

mm) before use. Supercritical Fluid Chromatography (SFC) grade 4.0 CO2 

(minimum purity 99.99%) and N2 (99%) were purchased from BOC Special 

Gases (UK) and used as received.  

 

 

3.2.2 Methods 

 

3.2.2.1 Tm depression analysis 

 

The effect of CO2 on the Tm of PCL10 was studied using an Anton Paar Physica 

MCR301 rheometer equipped with Peltier temperature controller and a high-

pressure cell (parallel plate geometry with 20 mm diameter and a 1 mm gap disc; 

PP20/Pr) with an upper operating pressure of 150 bar at room temperature and a 

maximum temperature of 300 °C (although this upper limit is considerably 

lowered depending on the type of rubber o-ring used). In a typical experiment 700 

mg of polymer powder were added to the cup of the rheometer. A preliminary 

temperature ramp to 80 °C at 10 °C min-1, followed by 5 minutes isothermal, was 

carried out to obtain a solid polymer disk upon cooling to 20 °C at 10 °C min-1.  

Three preliminary strain amplitude sweeps at 1 Hz at ambient pressure were 

performed on the PCL10 disk to identify a strain value within the linear 

viscoelastic region (LVR). From these measurements, a strain amplitude of 1% 

was identified as suitable and well within the LVR. 
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The cell was then sealed and CO2 was added using a Teledyne Isco 260D syringe 

pump. After pressurisation, the polymer was left to soak at 20 °C for 50 minutes 

to allow for CO2 diffusion. A time study showed that longer times did not result in 

significant further drops in the Tm, see Section 3.3.2.1 (page 67). The temperature 

of the cell was increased at a rate of 5 °C min-1 whilst imposing an oscillating 

strain of 1% to the sample at 1 Hz. Throughout the temperature scans the syringe 

remained connected to the cell to maintain the required pressure during heating. 

The shear storage modulus, G", and the loss modulus, G##, were recorded as a 

function of temperature. The Tm was taken as the temperature at which G## is a 

maximum. All the experiments were repeated three times to give data confidence.  

 

3.2.2.2 Shear viscosity high-pressure analyses 

 

High-pressure rotational rheometric studies (continuous shearing with increasing 

shear rate) were carried out on PCL10 and PCL80 using an Anton Paar MCR 102 

rheometer equipped with a Teledyne Isco 260D syringe pump and with a 400 bar 

cell electrically heated (parallel plate geometry, PP20/Pr). The electric heating 

system does not allow for control of the cooling rate, which is a crucial 

requirement for Tm analysis in order to guarantee that the sample is subjected 

always to the same thermal history. For this reason, Tm analyses could not be 

conducted with this piece of equipment. The instrument was calibrated with 

mineral oils of standard viscosity supplied by Anton Paar. 

The polymer sample was inserted in the cup and a preliminary temperature 

sequence was performed to melt the polymer. Then, the sample was allowed to 

equilibrate at 80 °C and the system sealed and pressurised at the desired pressure. 

Samples were left for 50 minutes at pressure to soak. The rotational experiments 

were performed at constant temperature with logarithmically increasing the shear 

rate over a 2 minutes period from 10-3 to 103 s-1 for PCL80, and from 1 to 103 s-1 

for PCL10. The duration of each measuring point was set to 10 s. This value was 

considered as appropriate since no significant start-up effects were observed at 

low shear rates with this duration [76]. Due to the structural limits given by the 

ball-bearings in the pressure cell, the minimum torque that could be applied with 

our system was 200 $N m. When applying the minimum torque to two different 
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liquids, the resulting minimum shear rate will be lower in the higher viscosity 

material. For this reason, measurements carried out on low viscosity materials 

start at higher shear rates.  

A matching set of experiments were carried out under N2 at 60, 120 and 180 bar, 

by connecting a cylinder directly to the rheometer inlet through high-pressure 

Swagelok® tubing. 

All rotational experiments were repeated at least three times; the mean values ± 1 

standard deviation are shown in the figures. 

 

3.2.2.3 Viscosity vs Temperature studies at ambient pressure and under 

high-pressure 

 

Temperature studies at ambient pressure and under CO2 (at 120 bar) were 

conducted on PCL10 ( !!  =12.0 s-1) and PCL80 ( !! =0.1 s-1) by increasing the 

temperature from 80 to 180 °C in 20 °C steps at 5 °C/min. The shear rate values 

were chosen in order to analyse the viscosity in the Newtonian plateau (zero-shear 

viscosity). 

After each ramp, a period of 10 minutes was imposed in order for the sample to 

reach thermal equilibrium before the collection of 5 measurements, and then 

ramping to the next temperature. The data are reported as the mean values ± 1 

standard deviation. 

 

3.2.2.4 Transient shear experiment studies 

 

Transient shear experiment studies (time-dependent viscosity at constant applied 

shear rates, ranging from 0.25 s-1 to 5 s-1) were conducted on PCL80 at ambient 

pressure (80 and 120 °C) and under CO2 (80 °C, 120 bar) to investigate whether 

any phase separation and/or changes of solubility arise during shearing. 

Measurements of viscosity are plotted against time. The measuring point duration 

was changed from 0.3 s to 1 s on with a logarithmic increase. With this setting, a 

significant number of data points could be collected at the beginning of each test. 
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Due to the low viscosity and the equipment low torque limit, the same analysis 

could not be carried out on PCL10. 

 

3.2.2.5 View cell plasticisation study 

 

In order to observe visually the effect of CO2 on the physical state of PCL10, a 

fixed volume view cell (100 mL) was used [77]. This view cell was manufactured 

in-house from 316-stainless steel with two thick sapphire windows located at the 

two ends of the cylindrical body which houses the inlet and outlet pipes. 

In a typical experiment, 200 mg of sample were added in a glass vial and inserted 

in the view cell. The windows were sealed and clamped to the body, and CO2 was 

added up to 50 bar. The temperature was raised to the desired value. When the 

temperature was stable, the CO2 pressure was increased to the required value. 

 

3.2.2.6 Differential Scanning Calorimetry (DSC) 

 

DSC analyses on PCL10 were performed using a TA Instruments TA-Q2000 DSC  

calibrated with sapphire and indium standards. In a standard experiment, the 

sample (6.00 ± 0.10 mg) was melted with a first heating scan up to 80 °C and 

cooled down to 20 °C (10 °C/min). A second heating scan, with the same 

temperature ramp settings of the oscillatory rheological analyses (80 °C; 

5 °C/min), was then carried out. Between each ramp a 5-minute isotherm was 

imposed.  

The Tm was determined from the maximum of the endothermic peak and the 

degree of crystallinity (Xc) was calculated from Equation (3.1): 

 

Xc =
!H f (Tm )
!H f

0 (Tm
0 )

 (3.1) 

 

where !H f (Tm )  is the measured enthalpy of fusion and !H f
0 (Tm

0 )  is the enthalpy 

of fusion of fully crystalline PCL, taken as 135.44 J g-1 [78-81]. 
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The Tm as measured from DSC analysis is 64.6 ± 0.2 °C, whilst the Xc is 51.7 ± 

0.5 %. 
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3.3 Results 

 

 

3.3.1 Tm of PCL10 at ambient pressure 

 

Before carrying out oscillatory experiments, it is important to identify the linear 

viscoelastic region (LVR) of the polymer. The LVR is the region in which the 

strain applied to the sample is never large enough to destroy the elastic structure 

of the material. Therefore, in the LVR the properties of the sample are not 

affected by the test itself (the material response is independent of the deformation 

and the structure of the sample shows no significant changes at these low 

deformations) [76]. 

Three strain amplitude sweeps at 1 Hz at ambient pressure were performed on the 

PCL10 disk to identify a strain value within the LVR, and mean values are shown 

in Figure 3.6. From these data, a strain amplitude of 1% was identified as suitable 

and well within the LVR. 

 
Figure 3.6 - Strain amplitude sweep showing the storage modulus, G!, and loss tangent, tan ", 

as a function of strain for PCL10 at ambient pressure and 20 °C at 1 Hz. The point at which 

the G ! and tan " start to deviate from the plateau values indicates departure from linear 

viscoelastic behaviour. For this reason, the oscillatory tests were conducted at 1 Hz with a 

strain amplitude of 1%. The polymer structure is shown (inset). 
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Using these settings (1 Hz frequency, 1% strain), typical oscillatory rheometric 

data obtained for PCL10 at ambient pressure show two distinct regions (Figure 

3.7): at lower temperatures G" has a value of ~60 kPa, typical of PCL above its Tg 

but below its Tm [82]. With increasing temperature there is a steep drop in the 

value of G" to ~2 kPa, as the material undergoes a thermal transition to a viscous 

fluid. Concurrently, there is an associated peak in G"" at the same temperature. 

This transition is associated with the melting of crystal spherulites in the polymer. 

 

 
Figure 3.7 - Oscillatory rheometric measurements of G! and G!! as a function of temperature 

for PCL10 at ambient pressure. The dramatic changes in G! and G!! are produced by the 

melting of the polymer crystals. The average Tm obtained from the peak in G!! is 68.1 ± 

0.6 °C. 

 

The Tm at atmospheric pressure, as measured by rheology, is therefore 68.1 ± 

0.6 °C, in good agreement with the Tm reported elsewhere in the literature 

(typically comprised between 60-65 °C) [53, 66] and with the value measured by 

DSC, which is around 65 °C (Figure 3.8). 
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Figure 3.8 – DSC scan for PCL10 at ambient pressure. The melting point calculated from the 

maximum of the endothermic peak is 64.6 ± 0.2 °C (N=3). 

 

Furthermore, integration of the endothermic peak obtained from the DSC analysis, 

revealed an enthalpy of fusion of around 70.0 J g-1. This value is indicative of a 

semicrystalline polymer where the crystalline regions represent around 52% of the 

sample. 

 

 

3.3.2 Effect of pressure on Tm of PCL10 

 

3.3.2.1 Soaking time study 

 

The G’ drop and G’’ peak are expected to be shifted when the polymer is exposed 

to pressurised CO2 due to the plasticising effects of CO2 and the consequent Tm 

depression. An important parameter to consider when studying the plasticisation 

of a polymer in CO2 is the soaking time needed for full sorption of the gas into the 

polymer. This will change depending on the affinity between the CO2 and the 

polymer and the extent of the diffusivity of the gas into the polymer structure. 

For these reasons, preliminary soaking time studies were conducted in order to 

investigate the amount of time required for the CO2 to penetrate completely into 
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the polymer. These data allow for determination of the waiting time needed to 

acquire stable and repeatable results upon pressurisation of the sample. 

Oscillatory rheometric data showed that the Tm of PCL10 was shifted to lower 

temperatures already after 15 minutes in subcritical CO2 at 70 bar. Nonetheless, 

repeating the experiment at a later time (50 minutes) a lower Tm value was 

registered (Figure 3.9). Thus, showing that 15 minutes did not allow for a full 

penetration and diffusion of the CO2 in the polymer. 

 

 
Figure 3.9 – G’ analysis on PCL10 over a range of temperatures at 70 bar and different 

soaking times: 15 minutes (red) and 50 minutes (black). 

 

Experiments at longer soaking times (up to 70 minutes) showed that the results 

acquired after 50 minutes were reproducible, within the error (Tm = 53.6 ± 1.0 °C), 

since no further decreases were detected at longer times (Figure 3.10). Hence, 50 

minutes can be considered as an appropriate soaking time. 
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Figure 3.10 – G’ analysis on PCL10 over a range of temperatures at 70 bar and different 

soaking times: 50 minutes, 60 minutes and 70 minutes. These results show that a stable Tm 

value was obtained after 50 minutes (53.6 ± 1.0 °C). 

 

The same experiments were repeated at 100 bar to check the validity of this result 

also in scCO2. Also in this case, 15 minutes did not allow for a full diffusion of 

the CO2 into the polymer (Figure 3.11). 

 

 
Figure 3.11 - G’ analysis on PCL10 over a range of temperatures at 100 bar and different 

soaking times: 15 minutes (red) and 50 minutes (black). 
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Similar to the results obtained at 70 bar, soaking times longer than 50 minutes did 

not show any additional drop in the Tm value and the error on the average value is 

within the error range (47.2 ± 0.8 °C) (Figure 3.12). 

 

 
Figure 3.12 - G’ analysis on PCL10 over a range of temperatures at 100 bar and different 

soaking times: 50 minutes, 60 minutes and 70 minutes. These results show that a stable Tm 

value was obtained after 50 minutes (47.2 ± 0.8 °C). 

 

A view cell study was conducted to visually inspect the CO2-induced polymer 

plasticisation and to corroborate the rheometric studies.  

Images of this study carried out under subcritical CO2 (55°C and 70 bar, Figure 

3.13) clearly show that PCL10 initially appeared as a granular sample (a), but in 

the presence of CO2 at 55 °C and 70 bar was gradually plasticised (b-e). The view 

cell also confirmed the need for a long soaking time: after 25 minutes the sample 

was not fully plasticised (b), after 35 and 45 minutes some solid bits were still 

visible (c and d respectively), whilst after 48 minutes no solid residue could be 

observed anymore (e). 
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Figure 3.13 - Transitions observed for PCL10 in the view cell under subcritical CO2 (55 °C, 

70 bar): (a) initial polymer in a granular form; (b) sample not fully plasticised after 25 

minutes; (c) sample almost fully plasticised after 35 minutes; (d) sample after 45 minutes: 

few solid bits are still visible (red arrow); (e) after 48 minutes the sample is completely 

liquefied; (f) polymer foamed upon CO2 removal. Although the mechanical stirrer is visible 

in the images, the sample was not stirred during the experiments 

 

An additional view cell experiment carried out in supercritical conditions can be 

found in the next section (Section 3.3.2.2, page 75, Figure 3.18). Here again, the 

need for a 50-minute soaking time needed to achieve the complete plasticisation 

of the polymer is shown. 

 

This rather long soaking time is most probably due to the high crystallinity of 

PCL10 (around 52% by DSC, see Section 3.3.1, page 65). It is indeed well known 

that CO2 is able to diffuse and dissolve only in the amorphous regions of 

polymers [15, 28, 83], and that the Tm depression is given by both polymer-CO2 

interactions in the amorphous regions and crystallite characteristics (e.g. lamellar 

thickness and heat of fusion per unit of volume); hence, different effects will be 

expected for different levels of amorphous fractions [28, 83]. 
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3.3.2.2 Tm depression in CO2 

 

Having found the appropriate soaking time, oscillatory rheometric investigations 

were carried out over a range of pressures to evaluate the effect of high-pressure 

CO2 on the Tm of PCL10. Both of the moduli, G" (Figure 3.14) and G"" (Figure 

3.15), show a strong dependence upon temperature and CO2 pressures. As 

expected, the shapes of the curves are similar to those obtained at ambient 

pressure (see Figure 3.7). However, a comparison between the curves shows that 

the G" drop and G"" peak, and hence the Tm, are shifted to lower temperatures in 

the presence of pressurised CO2. 

 

 
Figure 3.14 - Oscillatory rheometric measurements of G! as a function of temperature for 

PCL10 at a range of CO2 pressures. The rapid decrease in G! is indicative of the polymer 

melting. Under high-pressure CO2 the drop is shifted to lower temperatures, thus indicating 

a significant reduction in the Tm of the polymer (from 68 °C to 46 °C). 
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Figure 3.15 - Oscillatory rheometric measurements of G!! as a function of temperature for 

PCL10 at a range of CO2 pressures. The peak in G!! is indicative of the polymer melting. 

Under CO2 a significant reduction in the Tm of the polymer is observed. 

 

It can be noted also that the G’ plateau after the Tm at ambient pressure has a 

lower value compared to that obtained in CO2 (Figure 3.14) and this result was 

reproducible (each experiment was run in triplicate). An unquestionable reason 

for this effect could not be found. The author believes that an augmented friction 

in the bearings of the pressure-cell (due to the pressure in the system) could cause 

the increased values in the plateau under CO2. However, it must be also noted that 

the graph is plotted in a logarithmic scale, thus values in the low-value range are 

emphasised. In fact, the relative reduction in G’ above the Tm is very similar both 

at ambient pressure and in CO2 (around 97% at ambient pressure and 95% in 

CO2). Besides, the most important piece of information acquired from a G’ vs T 

plot is the temperature at which the dramatic change in the storage modulus 

occurs, which indicates the temperature at which the thermal transition is 

happening.  

Therefore, this is a powerful demonstration of the ability of CO2 to act as a 

temporary plasticiser for PCL, by diffusing into the polymer and interacting 
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through Lewis acid/base interactions with the carbonyl groups of the backbone 

(Figure 3.16). As a result, the intermolecular interactions are weakened and the 

polymer can melt at temperatures much lower than the ambient pressure melting 

point. 
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Figure 3.16 - Schematic depiction of the interaction between CO2 and the carbonyl group of 

PCL. 

 

The melting point reduction measured from the peaks in G"" under high-pressure 

CO2 has been plotted as a function of pressure and compared to two literature 

studies measuring the drop in Tm by DSC [72] and FTIR [69] (Figure 3.17). The 

data are consistent with the results obtained in those previous studies and show a 

high correlation (R2>0.99) linear decrease with increasing pressure, moving from 

68.1 °C at atmospheric conditions through to a significantly lower value of 

45.8 °C under CO2 at 120 bar. 
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Figure 3.17 - Effect of CO2 pressure on the change in Tm relative to atmospheric conditions, 

of PCL10 measured from the peak in G!!. The results of this study follow a linear trend with 

high correlation (R2 > 0.99). The data are in good agreement with the results obtained by 

other research groups through DSC [72] and FTIR [69]. 

 

Images from a view cell study carried out at the highest pressure investigated in 

the oscillatory rheometric study clearly show that PCL10 initially appeared as a 

white granular-powdery sample (a), but in presence of CO2 at 45 °C and 120 bar 

was gradually plasticised (b) and became a completely colourless liquid after 

around 50 minutes (c) (Figure 3.18). Therefore, the visual observation 

corroborates the rheological study. 

 

 
Figure 3.18 - Transitions observed for PCL10 in the view cell experiment at 45 °C: (a) initial 

polymer in the form of white granules (room temperature and pressure); (b) sample not 

completely plasticised after 15 minutes (45 °C, 120 bar); (c) polymer fully plasticised after 50 

minutes (45 °C, 120 bar). Although the mechanical stirrer is visible in the images, the sample 

was not stirred during the experiments. 
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3.3.3 Effect of pressure and MW on the viscosity of PCL 

 

 

When melt processing of a polymer is needed, the most important parameter to 

consider is clearly the viscosity of the melt. High viscosities can hinder the 

possibility of melt processing and can make the overall process energy intensive 

and not commercially sustainable [4]. 

It is well known that for linear polymers the Tm is an increasing function of the 

chain length only at small MW values, while it plateaus at higher MWs [84]. This 

behaviour was confirmed also for PCL. For this polymer the Tm was found to 

increase significantly with the mass average molecular weight (Mw) until about 

9000 g mol-1 [85]. 

In more detail, the Tm was about 45 °C for a Mw value around 1000 g mol-1. It 

increased dramatically to 60 °C and 63 °C for Mw around 3500 and 4500 g mol-1 

respectively. Finally, PCL samples with Mw above 9000 g mol-1 were 

characterised by a Tm comprised between 64 and 67 °C (Figure 3.19). 

 

 
Figure 3.19 – Tm of PCL as a function of the mass average MW. A plateau value is observed 

above about 9000 g mol-1 [85]. 
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Furthermore, the degree of crystallinity of PCL is known to decrease with 

increasing MW [86]. This has been explained in terms of chain folding, which is 

more significant with longer chains and impedes the formation of bigger 

spherulites. 

On the contrary, the viscosity of a polymer in the molten state will strongly 

increase with increasing MW. Longer chains will result in more entanglement and, 

hence, higher viscosity [1, 2, 87]. As expected, this applies also to PCL [88]. 

For these reasons, investigations on the effects of pressure on the viscosity of PCL 

samples with different MW are crucial to understand the flow properties. This will 

give an insight to the possibility of using high-pressure processing for 

semicrystalline polymers with varied chain length. 

 

3.3.3.1 Viscosity of PCL10 and PCL80 under CO2 

 

Rotational rheometric experiments were performed at 80 °C on two PCL samples 

with different MW, PCL10 and PCL80 (Mn ~10 kg mol-1 and ~80 kg mol-1 

respectively) at a range of CO2 pressures after 50 minutes soaking. This soaking 

time was chosen in accordance with the results obtained for the oscillatory 

measurements (Section 3.3.2.1). 

Data in the shear rate region between 10-3-103 s-1 were obtained for PCL80. For 

PCL10, which is of lower MW, and hence of lower viscosity, such low shear rates 

could not be investigated due to experimental limitations. 

The measurements of viscosity as a function of shear rate at 80 °C at a range of 

CO2 pressures for PCL10 show that the sample exhibits Newtonian behaviour at 

low shear rates, followed by a shear-thinning region at shear rates above 300 s-1 

(Figure 3.20). The zero-shear viscosity is dramatically decreased under CO2, in 

agreement with results obtained on other polymers such as amorphous poly(lactic 

acid) [10], poly(ethylene glycol) [29], and poly(dimethylsiloxane) [89]. 

At pressures above 120 bar the shear-thinning region was less detectable in this 

shear rate range. This is due to a decrease in the relaxation time of the polymer 

(higher chain mobility), which results in an extended Newtonian plateau [10]. The 

critical shear rate at which the shear-thinning behaviour starts ( !!cr ) is, in fact, 

inversely proportional to the relaxation time [2, 87, 90, 91]. 
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Figure 3.20 - Measurements of shear viscosity of PCL10 (T = 80 °C) at ambient pressure and 

under increasing CO2 pressures. A significant reduction in the viscosity is observed with 

rising CO2 pressure. The Carreau model (solid lines) is fitted to the data (R2 > 0.99 for all the 

fits). 

 

The viscosity data were fitted to the Carreau model (Equation 3.2) to enable 

quantitative determination of the relaxation time (see Section 3.3.3.3, page 86) 

and of the zero-shear viscosity (i.e. the viscosity at low shear rate). The model is 

given by: 

 

!( !! ) ="0[1+ (# !! )
2 ]!P   (3.2) 

 

where #( !! ) (Pa s) is the viscosity at a given shear rate !!  (s-1), #0 (Pa s) is the zero-

shear viscosity, $ (s) is the relaxation time of the polymer and P is the Carreau 

exponent [10, 92]. 

The ability of scCO2 to plasticise higher MW PCL was confirmed by viscosity 

studies carried out on PCL80 (Figure 3.21). The measurements of viscosity as a 

function of shear rate at 80 °C at a range of CO2 pressures for PCL80 clearly 

show that this polymer has a much higher viscosity than PCL10, as expected from 

the higher degree of chain entanglement [90, 93, 94]. Also, !!cr is considerably 

reduced. This is due to the longer relaxation time given by the increased chain 

length [2, 87, 90, 91]. 
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Nonetheless, a dramatic effect of the pressurised CO2 on the viscosity was 

observed also for this higher MW polymer. 

 

 
Figure 3.21 - Measurements of shear viscosity of PCL80 (T = 80 °C) at ambient pressure and 

under increasing CO2 pressures. A significant reduction in the viscosity is observed with 

rising pressure. The Carreau model (solid lines) is fitted to the data (R2 > 0.99 for all the 

fittings). 

 

The zero-shear viscosity is again significantly reduced with increasing CO2 

pressure, and the viscosity reduction is particularly significant in the shear rate 

region typical of traditional polymer extrusion processes (between 1 and 5 s-1, i.e. 

60-300 rpm) [1, 2, 95, 96]. As expected, increasing CO2 pressure results in higher 

!!cr  values and, therefore, in reduced relaxation times. 

Furthermore, it can be noticed how at very high shear rates (above 10 s-1) a clear 

trend viscosity vs pressure could not be identified. Similar results have been 

observed also on poly(lactic acid) under varied CO2 pressures [10]. Also in this 

case, at high shear rate values curves recorded at higher pressures crossed the 

lower pressure ones and showed higher viscosities without a clear trend. This 

effect has not been fully understood nor analysed in the literature and it could be 

partially attributed to a combined effect of the extension of the Newtonian plateau 

under pressure (reduced relaxation time in CO2), to compressive pressure effects 

and to the high shear applied to the polymer, which could perturbate the system. 
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However, all the lines show shear-thinning behaviour at high shear rates and the 

viscosity is significantly reduced with increasing pressure within the Newtonian 

plateau (i.e. below 10 s-1 for this polymer). 

Table 3.1 shows a comparison of the viscosities of the two polymers at 

representative shear rates in the Newtonian plateau at ambient pressure, !0
amb , and 

when plasticised by 300 bar CO2, !0
300bar CO2 . 

Viscosities are reduced by around 95% for both polymers as a result of the 

plasticising effect. This shows that the effects are significant and comparable for 

both of the polymers and, hence that CO2 is able to act as an effective plasticiser 

for PCL samples with medium-low and high MW. 

 
Table 3.1 - High-pressure CO2-induced maximum viscosity reduction of PCL10 and PCL80 

in the Newtonian plateau at 80 °C. 

Mn 

(kg mol-1) 

!!  
(s-1) 

 
0
amb!  

(Pa s) 

2300bar CO
0!  

(Pa s) 

!0 reduction 

(%) 

10 12.0    47.37 ± 0.40   1.84 ± 0.01 96.1 

80 0.1  50000 ± 430 2590 ± 280 94.8 

 

 

3.3.3.1 CO2 effect vs temperature and activation energy for viscous flow (Ea) in 

CO2 

 

Without a doubt, as shown in the previous section the viscosity reduction 

achieved exposing PCL10 and PCL80 to high-pressure CO2 is quite significant. 

Nonetheless, if the same (or comparable) results can be obtained by heating the 

polymer at a temperature slightly higher than 80 °C the use of CO2 would be not 

commercially justifiable and viable. 

For this reason, an additional set of experiments was conducted at ambient 

pressure over a temperature range of 80 to 180 °C in order to correlate the CO2-

induced viscosity depression (showed in Section 3.2.2.2, page 61) to the 

temperature-induced reduction. 
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The same temperature ramp was performed under CO2 (at 120 bar) to allow also 

for determination of the activation energy (Ea) with and without pressurised CO2 

(Table 3.2). Higher pressures could not be investigated for safety reasons, 

according to the temperature-pressure rating of the equipment taking into 

consideration the rubber o-ring used to seal the pressure cell. 

The zero-shear viscosities of PCL10 ( !! =12.0 s-1) and PCL80 ( !! =0.1 s-1) are 

shown as a function of temperature in an Arrhenius plot (Figure 3.22). 

 

 
Figure 3.22 - Arrhenius plot of zero-shear viscosity as a function of temperature for PCL10 

and PCL80 at ambient pressure and under CO2 (120 bar). In PCL10, a 91% reduction in the 

viscosity is obtained between 80 °C and 180 °C, whilst an 88% reduction is observed for 

PCL80 in the same temperature range. The data were collected from 80 °C (right) to 180 °C 

(left) with 20 °C steps. The data were fitted to an Arrhenius equation with very high 

correlation (R2 > 0.99). 

 

First of all, the data plotted in Figure 3.22 show the dramatic effect of processing 

with CO2. For example, comparing Figure 3.20 and Figure 3.22, processing at 240 

bar of CO2 at 80 °C of PCL10 results in a viscosity (~3 Pa s) which is equivalent 

to processing at 180 °C at ambient pressure conditions. 
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For PCL80, comparing Figure 3.21 and Figure 3.22, exposure to 240 bar of CO2 

at 80 °C produces a viscosity (~3 kPa s) which is even lower than the ambient 

pressure viscosity obtained at 180 °C (~6 kPa s). In fact, extending the data fitting, 

a temperature around 250 °C would be needed in order to achieve a viscosity 

equal to the viscosity value under 300 bar of CO2 at 80 °C (~2 kPa s). 

Therefore, these measurements demonstrate the significant opportunities that 

high-pressure CO2 processing of polymers could deliver in terms of energy saving 

and processing of thermally labile materials [27]. 

Furthermore, the data points in Figure 3.22 have been fitted to an Arrhenius 

equation with very high correlation (R2>0.99 for both of the datasets). An 

approximation model for kinetic activity in chemistry was developed in its general 

form in 1899 by Svante Arrhenius [97]. Arrhenius introduced the concepts of an 

activation energy required to start a chemical process. 

The Arrhenius model can be used to effectively model the change in viscosity of a 

polymer for both increasing and decreasing temperatures [76]. The relation is 

given by the Equation (3.3): 

 

!(T ) = Ae
Ea
RT   (3.3) 

 

where A is the pre-exponential factor (Pa s) (which can be approximated to the 

infinite-temperature viscosity [98]), T is the temperature in Kelvin, R is the 

universal gas constant (~8.31%10-3 kJ K-1 mol-1) and Ea is the activation energy for 

viscous flow (kJ mol-1). 

In this case, the Ea value characterises the energy required in order to set in 

motion the polymer chains against the frictional forces of the other adjacent 

chains, which is clearly a crucial parameter to consider when processing a 

polymer in the molten state. 

As expected, the fittings show that the Ea for both of the polymers is reduced 

under CO2 (Table 3.2). Thus, the energy requirement to start the macromolecular 

motions is lowered under high-pressure CO2. 
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Table 3.2 - Ea reduction for PCL under CO2. The Ea values are reduced under scCO2 for 

both polymers, meaning that less energy is required to set in motion the polymer chains. 

MW 

(kg mol-1) 

Ea (kJ/mol) Reduction 

(%) Ambient 120 bar 

80 29.59 ± 0.20 26.96 ± 0.18 8.9 

10 31.27 ± 0.67 27.50 ± 0.35 12.1 

 

These values are in good agreement with results obtained from the frequency 

sweeps (reptation time analysis) carried out on PCL (Mn ~120 kg mol-1) by Kelly 

et al. [53] and confirm that the vf increase reduces the energy required for the 

polymer chains to move and, therefore, the polymer to flow. This can lead to a 

more cost-effective process and diminish the probability of degradation in the 

case of thermally-labile materials incorporation. 

 

3.3.3.2 Viscosity of PCL10 and PCL80 under N2 

 

The viscosity depression under CO2 is due to the interactions between the CO2 

molecules and the polymer chains. Hence, a polymer melt exposed to a high-

pressure non-plasticising gas should show a viscosity increase rather than a 

decrease since the polymer chains will be compressed and the amount of vf within 

the structure will decrease. Hence, the macromolecules will be more and more 

limited in their mobility [76].  

For this reason, rotational rheometric experiments were also repeated under N2, a 

non-plasticising gas, up to 180 bar (higher pressures were not investigated since 

for these studies a N2 cylinder was directly attached to the rheometer inlet), to 

prove this and gain a better understanding of plasticisation and compression 

effects. 

Measurements of viscosity as a function of shear rate at 80 °C at a range of N2 

pressures for PCL10 display a small but noticeable increase in viscosity with 

pressure (Figure 3.23). Also, no significant changes in the extent of the zero-shear 

plateau (hence, in !!cr ) were observed, and shear-thinning behaviour was always 

clearly observed within the shear rate range. 
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Figure 3.23 - Measurements of shear viscosity of PCL10 (T = 80 °C) at ambient pressure and 

under increasing N2 pressures. A small increase in the viscosity is observed with increasing 

N2 pressure. The Carreau model (solid lines) is fitted to the data (R2 > 0.99 for all the sets of 

data).  

 

Rotational rheological studies were carried out also for PCL80 in the presence of 

high-pressure N2 (Figure 3.24). Here again no viscosity decrease or changes in the 

extent of the Newtonian plateau could be observed. The zero-shear viscosity 

increases with increasing pressure, although the effect is small (zoomed in region). 
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Figure 3.24 - Measurements of shear viscosity of PCL80 (T = 80 °C) at ambient pressure and 

under increasing N2 pressures. A small increase in the zero-shear viscosity is observed with 

rising pressure (zoomed in region). The Carreau model (solid lines) is fitted to the data 

(R2>0.99 for all the fittings).  

 

The zero-shear viscosities, calculated from fittings of the Carreau model for both 

polymers under CO2 and N2, have been plotted as a function of pressure (Figure 

3.25). A trend of increasing zero-shear viscosity with pressure is found under N2, 

and of decreasing viscosity with pressure under CO2. These data show that the 

pressure effects in the presence of N2 give a viscosity increase, in good agreement 

with the Barus law, Equation (3.4): 

 

!0 ( p) =!0
atmeap  (3.4) 

 

where !0 (p)  (Pa s) is the viscosity at pressure p (Pa), !o
atm  (Pa s) is the viscosity 

at atmospheric pressure and a (Pa-1) is a pressure-viscosity coefficient [99]. The 

viscosity reduction with CO2 pressure would require a negative pressure-viscosity 

coefficient in order to fit the Barus equation, but the quality of fit would be vastly 

reduced as the reduction in log viscosity is not linear. For this reason, the data 

obtained in CO2 are connected with a solid line as a guide to the eye. 
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Figure 3.25 - Zero-shear viscosity of PCL10 and PCL80 (T=80 °C) under CO2 and N2. A 

small increase in the zero-shear viscosity is observed on raising the N2 pressure (empty 

symbols), whilst a decrease is seen under CO2 (black symbols). The data collected under N2 

were fitted to the Barus equation (red dotted lines) with high correlation (R2>0.99 for all the 

fittings). The black solid lines connecting the CO2 data have been drawn as a guide to the eye. 

 

3.3.3.3 Relaxation time analysis 

 

The relaxation time of a polymer ($) is an important parameter that can be 

obtained from Carreau model fits. This physical quantity can be used to give an 

indication of the time scale associated with the viscoelastic response in a polymer. 

In more detail, the relaxation time of a polymer indicates the time it takes for the 

polymer chains to return to the equilibrium state after a perturbation (e.g. shear 

stress). Hence, this quantity is indicative of the viscosity of the polymer and it is 

intrinsically related to the length and entanglement of the polymeric chains [3]. 

As stated before (Section 3.3.3.1, page 78), CO2 plasticisation also results in a 

change in the relaxation time of the polymer, which is caused by the higher chain 

mobility. 

In PCL80 a linear decrease (R2 > 0.96) in relaxation time with CO2 pressure was 

recorded (Figure 3.26). On the contrary, in PCL10 a decrease with a clear trend 

could not be observed. For this polymer, the relaxation time was 0.0015 s at 
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ambient pressure and it decreased to around 0.0005 s under CO2, independently of 

the applied pressure. It is postulated that in PCL10 the chains are not sufficiently 

entangled because of their low MW. Therefore, the effect of CO2 plasticisation at 

different pressures on the relaxation time on this polymer may be less noticeable, 

since the chains are already amply mobile due to the thermal energy and their 

short length. 

A similar result has been obtained with increasing temperature for poly(lactic 

acid) by Kelly et al. who observed that at sufficiently high temperatures 

(Texp=140 °C; Tg=55 °C; Mn=155 kg mol-1) no changes in relaxation time could be 

observed upon the addition of CO2 [10]. In this case the absence of a clear trend in 

the relaxation time values as a function of the CO2 pressure was attributed to the 

high thermal energy (i.e. high temperature). This made the effects of the absorbed 

CO2 on the relaxation time negligible. 

 

 
Figure 3.26 - Relaxation time as a function of CO2 pressure obtained from Carreau model 

fits for PCL80 at T = 80 °C. A linear decrease (R2 > 0.96) is observed. 

 

3.3.3.4 Transient shear viscosity analyses: is the CO2 solubility changing 

while shearing? 

 

One challenge when analysing the properties of polymers in CO2 is that the gas 

concentration is not fixed a priori. It is well known that the amount of CO2 
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absorbed in a polymer is a function of temperature and pressure; as described in 

many papers dealing with the quantification of the carbon dioxide sorption levels 

in polymers [33, 42, 73]. 

In addition to these variables, the shear rate must be considered when analysing 

the flow behaviour of a polymer. In fact, the equilibrium might be changed whilst 

shearing the sample: as a result, the solubility may increase or decrease during 

shear sweep experiments. This could lead to changes in the plasticisation effects, 

phase separation and/or formation of bubbles in the molten polymer. 

For these reasons, it is important to investigate whether or not the shear sweeps 

represent a perturbation of the equilibrium and, hence, if the CO2 plasticisation is 

affected by the measurements or not. This is a challenging problem that, to the 

best of the author’s knowledge, has not been investigated in literature and is 

difficult to probe experimentally giving definitive answer. Although rheometers 

are now available that have an endoscopic camera at the parallel-plate, devising 

such device for use in scCO2 would be challenging and is beyond the scope of this 

work. 

In order to investigate more in-depth upon this, the author hypothesised that 

transient shear measurements could give additional information on the solubility 

during shearing. This is the first time that these type of studies have been carried 

out in CO2. In these tests the data were collected at low shear rates with a short 

measuring point duration (0.3-1 s with a logarithmic increment) to allow for 

collection of transient shear viscosity data [76]. In this case, start-up effects (or 

time dependent transition effects) are obtained, since the viscosity data are 

collected before the system reaches a steady state situation. Therefore, the 

viscosity will be a function of both shear rate and time. 

Typically, a linear increasing regime is expected at the beginning and then a 

plateau is observed at lower shear rates, whilst an overshoot can be detected at 

higher shear rate values [100, 101]. These effects have been explained in terms of 

initial elastic response of the entangled polymer network, and disentanglement at 

high stresses. Hence, any unexpected behaviour observed under high-pressure 

CO2 could be assigned to solubility change and/or phase separation while shearing.  

Carrying out an experiment at ambient pressure on PCL80 at 80 °C and 120 °C 

the expected behaviour was observed (Figure 3.27). It can be noted how, the most 

important effect of the temperature increase is a shift to lower values in the 
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viscosity. In particular, at the two different temperatures, the order of the lines 

towards the end of the experiment remains the same with the viscosity clearly 

decreasing with increasing frequency. 

 

 
Figure 3.27 – Transient shear viscosity vs time for PCL 80 °C and 120 °C at ambient 

pressure. The time dependent transition effects show the same trend obtained in scCO2 (see 

Figure 3.28). 

 

Transient shear viscosity data at the same shear rates under CO2 (120 bar, 80 °C) 

show again that the CO2-induced plasticisation mimics the temperature effects 

(Figure 3.28). 

Here again, the linear increase is observed at the beginning of the test and then a 

plateau is detected. Similarly, the overshoot at high shear rates (>2 s-1) was 

observed too. The most pronounced difference between the curves collected at 

80 °C with and without CO2 is a reduced viscosity under pressure: also in this 

case the final part of the curve for each frequency could in principle be 

overlapped with the application of an appropriate shift factor. If it were the case 
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that solubility was changing with shearing (with a shear rate dependency), one 

might have expected an additional change in viscosity appearing as a function of 

the applied shear. On the contrary, the same trend, which is decreasing viscosity 

with increasing frequency, is always observed. The lack of any effects beyond the 

expected stress overshoots at high rates and linear viscoelasticity at low rates, 

together with the high reproducibility and quality of these and all the viscosity 

data previously shown, suggest that phase separation, solubility changes during 

shearing or bubble formation are unlikely to be taking place during the 

experiments. 

 

 
Figure 3.28 – Transient shear viscosity vs time for PCL80 at 80 °C at ambient pressure and 

under CO2 (120 bar). 

 

Due to the low viscosity and the equipment torque limitations, the same analysis 

could not be carried out on PCL10 (the initial linear regime could not be observed, 

a clear separation of the curves at each frequency could not be achieved and, 
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because of the short measuring point duration, the influence of the bearings on the 

data was quite significant). 
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3.4 Conclusions 

 

 

High-pressure rheology was employed to demonstrate clearly the ability of CO2 to 

plasticise PCL at supercritical and even sub-critical (60 bar) conditions at 80 °C. 

For the first time, interpretation of the viscoelastic moduli with temperature plots 

have been used to show that by adding CO2 it is possible to lower the melting 

point of PCL by more than 20 °C (from 68 to 46 °C). This provides a rheological 

viewpoint to the CO2-induced Tm depression of this polymer that correlates well 

with previous studies using DSC and FTIR spectroscopy, and a linear drop in Tm 

with increasing CO2 pressure was observed. Therefore, a new methodology to 

assess the Tm depression of semicrystalline polymers in CO2 has been designed. 

The viscosity of PCLs of different MWs decreased significantly when pressurised 

CO2 was added. The reductions observed at 80 °C and 180 bar are comparable to 

those achieved at 180 °C at ambient pressure. At 300 bar 96% decrease in 

viscosity relative to ambient pressure was achieved for the 10 kg mol-1 polymer, 

whilst a 95% reduction was obtained for the 80 kg mol-1 polymer. 

The Carreau model was employed for determination of the zero-shear viscosity 

and the relaxation time, both of which decreased with increasing CO2 pressure. 

By contrast, the effect of a non-plasticising gas, N2, was to increase the zero-shear 

viscosity. In addition to this, efforts were made to prove that shearing did not 

induce changes in the CO2 solubility by carrying out transient shear experiments 

under pressure. 

To sum up, this chapter demonstrated the use of a high-pressure rheometer to 

detect the Tm depression of polymers under CO2, highlighting the ability of CO2 to 

act as a green and efficient temporary plasticiser that allows for processing of 

semicrystalline degradable polymers at significantly lower temperatures. In more 

detail, CO2 gives the opportunity for significantly lower temperature processing 

(i.e. 80 °C rather than 250 °C for PCL80). 

Therefore, these results emphasise the significant prospects that high-pressure 

CO2 processing of semicrystalline polymers could deliver in terms of energy 

saving and processing of thermally labile materials. This learning has been the 
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base for the development of the next two chapters where it will be used to design 

novel green lower temperature synthetic routes. 
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4 Green process for green materials: viable low temperature 

lipase-catalysed synthesis of renewable telechelics in 

supercritical CO2 

 

 

Traditionally, synthetic polymers have been prepared using fossil-based raw 

materials [1]. In the last few decades, several factors - such as resource depletion, 

poor degradability, environmental accumulation and customer awareness - have 

moved the research trends towards the investigation of more sustainable and 

environmentally friendly alternatives to be exploited as polymer precursors [2-5]. 

At the same time, interest towards greener alternatives to traditional catalysts and 

more environmentally friendly reaction systems has increased steeply. In this 

context, enzymes - because of their selectivity, remarkably high catalytic efficiency 

and intrinsic environmental sustainability and non-toxicity - are considered to be 

strong and competitive alternatives to metal-based catalysts [6, 7]. Finally, greener 

polymerisations, carried out to minimise the use of solvents and at milder conditions, 

have been arousing much interest in modern polymer science [8-11]. 

This chapter focuses upon new systems that try to address all of these issues. In 

particular, can the combination of supercritical CO2 (scCO2) and a catalytic enzyme 

open the possibility for a green, solvent-free polycondensation route to bio-based 

functional materials? By exploiting the initial partial solubility of the polymer 

precursors in the supercritical medium and then the plasticising effects of CO2 on the 

polymer, we will probe if the polycondensation of bio-based monomers could be 

carried out at a mild temperature without the need for monomer pre-modification 

(which is typically necessary to lower the melting point and/or afford solubility in 

organic solvents). This, together with that selectivity enzymes bring, could ensure 

minimal side reactions and introduce the possibility of inserting specific 

functionalities, which could useful for cross-linking, further functionalisation or 

chain extension reactions. 

Moreover, the use of mild reaction conditions could afford the possibility of 

retaining the enzyme activity and, hence, of efficiently recycling the catalyst. Thus, 

imparting an added value to the process. 
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Therefore, this chapter explores the possibility of a novel low temperature enzymatic 

approach to synthesise telechelic renewable polyesters by exploiting the unique 

properties of scCO2. 

The functionalised polymer products will be characterised by 1H-NMR, MALDI-

TOF, GPC and DSC in order to carefully assess their properties and the efficiency of 

the synthetic route. 

Moreover, enzyme recycling tests will be carried out to investigate the commercial 

sustainability of this process, and preliminary studies to test the utility of these new 

materials will be presented. 

 

The results of this chapter have been published in the primary literature: 

 

S. Curia, A.F. Barclay, S. Torron, M. Johansson and S.M Howdle, “Green process 

for green materials: viable low temperature lipase-catalysed synthesis of renewable 

telechelics in supercritical CO2”, Philosophical Transactions of the Royal Society A: 

Mathematical, Physical and Engineering Sciences (373), 2015, 1-16 
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4.1 Introduction 

 

 

4.1.1 Green functional polymers 

 

The use of green monomers to replace non-renewable and fossil-based raw materials 

is an important research focus of modern polymer science, both in academia and 

industry [4, 12-14]. Biodegradable and renewable plastics are being developed to 

limit the use of plastics derived from petroleum that at the end of their life cycle are 

usually incinerated or disposed of in landfills, thus representing a potentially serious 

future environmental issue [15]. 

Applications of green plastics range from food packaging [16], medical and tissue 

engineering [17], through to fabrics and coatings [4], to name just a few. Recently, 

great importance has been given to low molecular weight (comprised between 1000 

and 4000 g mol-1) telechelic polyesters [18-21]. These are functional polymers that 

carry the same functional group at both ends [22] and are used as cross-linkers, chain 

extenders, and building blocks for macromolecular structures (e.g. star, 

hyperbranched or dendritic polymers) [23]. The possible applications range from 

surface modification [18, 19], to medical materials [24], block copolymer formation 

[25], cross-linked networks [20, 26] etc. 

Telechelic polyesters are typically synthesised by polycondensations of diacids (or 

diesters) with diols, or by ring-opening polymerisation of lactone monomers. 

To produce telechelic polyesters through polycondensation, acid or alcohol end-

cappers can be used in the synthesis [27]. The synthesised polyester backbone will be 

structured as an alternating copolymer with the functional end-capper attached to 

both ends of the polymer chain (Figure 4.1). 
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Figure 4.1 - Schematic representation of a generic polycondensation for the synthesis of a 

telechelic polyester with an alcohol end-capper; R1 and R2 can be aliphatic or aromatic. The 

green spheres represent the end-capper moiety. 

 

The other possible route is the ring-opening polymerisation of lactones initiated with 

difunctional co-initiators [28]. In this way HO-polyester-OH chains can be prepared 

and the terminal alcohol groups can then be used to bind acid end-cappers. For 

clarity, a potential reaction scheme for the preparation of telechelic poly(!-

caprolactone) is shown (Figure 4.2). 

 
O

O

Catalyst 
!T

HO OH

n
O

O

O

O

OO
H H

n n

Catalyst 
!T2

OH

O

O

O

O

O

OO

n n

O O

 
Figure 4.2 – Reaction scheme of the ring-opening polymerisation of !-caprolactone with a 

generic diol and subsequent end-capping for the synthesis of telechelic poly(!-caprolactone). The 

pale blue spheres represent the end-capper moiety. 
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Recently, the preparation of telechelics by self-polymerisation of naturally occurring 

"-hydroxy-fatty acids has been described [20, 21, 29]. In this case, an additional 

diacid/diester must be used as a linker (or a diol, depending on the moiety of the end-

capper available for condensation) (Figure 4.3). 

 

 
Figure 4.3 - Preparation of a telechelic polymer starting from a naturally occurring "-hydroxy-

fatty acid (figure adapted from reference [30]). The reaction is carried out at high temperature 

(85 °C) to melt the monomer. In this case, dimethyl adipate was used as a linker. If end-cappers 

with unsaturated moieties are used, the reaction must be carried out in toluene at a lower 

temperature (60 °C) in order to avoid premature radical cross-linking during the synthesis [20, 

30]. 

 

Generally, low molecular weights are desirable in order to obtain low-viscosity 

materials and, hence, good filmability [18, 20, 21]. Furthermore, if a cross-linkable 

system is the desired product, low molecular weight between the reactive moieties is 

necessary in order to achieve a high cross-link density and therefore a tougher 

network [18, 20, 26]. 

 

 

4.1.2 Lipase-catalysed polymerisations 

 

 

To achieve a fully green process, enzymes have been exploited as substitutes for 

metal-based catalysts that are potentially toxic [31-34], expensive, and require high 

temperatures (normally greater than 160 °C for polycondensations) to work 

effectively [35-39]. By employing enzymes, polymeric materials have been 

synthesised through ring-opening and condensation polymerisations [19, 40, 41]. 

Furthermore, the specificity of enzymes allows for preservation of particular 

functional groups, which can be exploited subsequently for further reaction 
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processing [34, 42]. For this reason, enzymes are important alternatives to metal 

catalysts for the synthesis of functional polymers. 

As explained in Chapter 1, Candida antarctica Lipase B (CaLB) is the most studied 

enzyme used in polymer synthesis [34, 43, 44]. This lipase is responsible for the 

hydrolysis of fatty esters in nature, however in anhydrous conditions it can be active 

in the reverse reaction. Hence, by combining di-acyl donors (e.g. dicarboxylic acids 

or diesters) with di-nucleophiles (e.g. diols) in anhydrous media, polyesters can be 

produced enzymatically [34]. Moreover, CaLB can also catalyse the ring-opening 

polymerisation of cyclic esters [18, 26]. In order to increase the enzyme stability and 

optimise its characteristics in organic solvents, immobilisation on cross-linked 

synthetic supports is widely exploited [34]. This allows also for easier handling and 

separation of the enzyme from the final products: at the end of the reaction the 

products are dissolved in a solvent and the enzyme beads are separated by simple 

filtration [27]. 

Enzymatic polycondensations are normally carried out in the bulk or, when possible, 

in apolar solvents (e.g. toluene) [20, 34, 41]. Unfortunately, owing to the high 

melting point (>100 °C) of most naturally occurring diacids, the melt processes are 

limited since at temperatures higher than 100 °C the activity of CaLB is vastly 

reduced [11, 45]. Hence, high-temperature processes are not commercially 

sustainable in the long term due to the impossibility of retaining the initial enzyme 

activity and, thus, of recycling efficiently the expensive catalyst. 

Moreover, most of the diacids are not usually soluble in apolar media, and polar 

solvents (e.g. methanol) cannot be used because they would prevent effective 

polycondensation (usually leading to diesters). 

A common work-around is to introduce an extra step, to esterify the diacids and to 

work from the diesters, which are typically characterised by a lower melting point 

and increased solubility [19, 29, 43, 46]. Unfortunately, this is not always desirable 

and introducing extra steps can impact dramatically upon the viability of a 

commercial process. 

In addition to this, one key drawback when synthesising functional telechelics is that 

higher temperatures can introduce side reactions of the terminal chemical groups; 

thus leading to undesired branching and cross-linking during the polymerisation [41, 

47].  
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4.1.3 ScCO2 as a polymerisation medium, azelaic acid and 1,6-hexanediol as 

building blocks: aims of the study 

 

 

High-pressure CO2 is a good solvent for many small molecules and it is very 

effective at plasticising and effectively liquefying many polymers at temperatures 

below their glass transition temperature (Tg) and melting point (Tm) [48-59], 

therefore opening up new opportunities for polymer synthesis and modification. As 

shown in the previous chapter, the effects of CO2 are significant also on 

semicrystalline polyesters, with both the viscosity and the Tm being significantly 

reduced under pressure. 

Different types of polymers have been synthesised in CO2: for instance, radical 

controlled polymerisations of vinyl monomers [60] and tin-catalysed ring-opening 

polymerisations of lactones [61, 62] have been successfully conducted. 

Furthermore, immobilised CaLB has been shown to be stable and to retain its 

catalytic activity under pressurised CO2 and, hence, it has been used for ring-opening 

polymerisations [40] and for the production of biodiesel [63] in scCO2. 

This chapter describes the attempt to extend this methodology and test whether 

polycondensation syntheses normally carried out at high temperature can be carried 

out in CO2 at milder conditions using CaLB as a catalyst. Hence, the lipase-catalysed 

synthesis of novel green telechelics based on azelaic acid and 1,6-hexanediol in 

scCO2 will be investigated. 

Azelaic acid is a naturally occurring saturated dicarboxylic acid with Tm ~110 °C 

(Figure 4.4), slightly soluble in scCO2 [64], which is found in wheat, rye and barley 

[65]. It can also be produced in significant quantity through ozonolysis of oleic acid 

[1, 64]. In addition to this, azelaic acid is commonly used in cream formulations for 

its body-compatibility, and anti-septic/antibacterial properties: hence, it can be an 

interesting building block to exploit for polymer synthesis. However, this diacid is 

not soluble in apolar solvents and the only polymerisations shown in the literature 

were performed in the bulk with the aid of metal catalysts at temperatures as high as 

230 °C [66, 67], which are required to melt the diacid and activate the catalyst. 
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Figure 4.4 – Azelaic acid is a saturated diacid with Tm ~110 °C naturally occurring in wheat, rye 

and barley. 

 

The co-monomer chosen for the production of polyesters is 1,6-hexanediol. This 

monomer is a polar diol that can be synthesised from renewable resources [11, 68-

70]. Therefore, a final polymer containing azelaic acid and 1,6-hexanediol will have 

a fully bio-based backbone. 

These two monomers are not plasticised by the scCO2. Nonetheless, it has been 

reported that azelaic acid displays a small degree of solubility in this supercritical 

medium [64]. To the best of the author’s knowledge, the solubility of 1,6-hexanediol 

in pressurised CO2 has never been investigated. On the contrary, the solubility of its 

isomer 1,2-hexanediol and of 1-hexanol have both been described [71]. Furthermore, 

the acid-catalysed etherification of 1,6-hexanediol with methanol in pressurised CO2 

has been carried out; however, this process was performed at a rather high 

temperature (i.e. 150 °C) [72]. 

Taking all this into account, this chapter seeks to test the hypothesis that if the 

monomer 1,6-hexanediol does indeed have some solubility in scCO2, it could react in 

solution with azelaic acid. Under these conditions dimers and low molecular weight 

oligomers would be formed that would likely be insoluble in CO2, but highly 

plasticised (as shown for poly(!-caprolactone) in the previous chapter) after 

precipitating out from the supercritical phase. This plasticised-molten phase would 

provide an ideal environment for further polymerisation/end-capping and the 

reaction could then proceed in a melt system with the scCO2 acting as a plasticiser 

that reduces significantly the viscosity. Therefore, the approach is to use scCO2 as 

the reaction medium for the production of a variety of telechelic polyesters based on 

azelaic acid, to demonstrate that it is possible to exploit a low temperature enzymatic 

route to synthesise functional poly(hexylene azelate)s (PHAzs) without pre-

modification of the monomer and in a solvent-free system. 

For the purpose of producing polymers with tailored functionalities, it is important to 

carry out selective polymerisation, hence a low temperature will be of great 

significance. This is particularly important for all those applications where thermally 
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labile chemical groups (e.g. unsaturated ones) or bioactive molecules must be 

incorporated into the polymer. 

The reactions were carried out in CO2 (275 bar) at 35 °C targeting the molecular 

weight of the chains by using functional end-cappers. Namely, sorbic alcohol (SA), 

12-hydroxy stearic acid (HSA), 2-hydroxyethyl methacrylate (HEMA) and 

trimethylolpropane oxetane (TMPO) were used (Figure 4.5). 

These molecules contain one moiety able to undergo condensation and another one 

useful for further reaction (e.g. cross-linking or chain extension). In more detail, SA 

is a diene that can undergo Diels-Alder addition, thiol-ene click chemistry and 

radical reactions, HSA contains a secondary hydroxyl group that can be cross-linked 

with isocyanates, HEMA is characterised by a double bond that can be radically 

reacted, finally TMPO is an oxetane derivative that can be ring-opened by using a 

Lewis acid. 

Furthermore, SA is a naturally occurring molecule and HSA is produced through 

hydrogenation of castor oil; hence, the bio-content of the polymers obtained with 

these two functionalisers is 100%. 
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Figure 4.5 - The functional end-cappers used in this study: sorbic alcohol (SA), 12-hydroxy 

stearic acid (HSA), 2-hydroxyethyl methacrylate (HEMA) and trimethylolpropane oxetane 

(TMPO). 

 

Combined use of CaLB, scCO2 and consequent mild temperature, should ensure 

minimal side reactions, thus preserving the functionality of the end-cappers. 

Furthermore, another aim is to show that the enzyme can be re-used without loss of 

activity. 



 107 

Therefore, the objective of this chapter is to demonstrate that by using scCO2 it is 

possible to prepare a range of green functional materials with targeted degree of 

polymerisation (DP) through enzymatic syntheses at near-room-temperature 

conditions and without pre-modification of the monomers. This route could be 

particularly valuable for applications where the incorporation of thermally labile 

functional groups or additives (e.g. proteins, drugs, hormones etc.) is desired. 
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4.2 Experimental 

 

 

4.2.1 Materials 

 

Azelaic acid (98%) was purchased from Alfa Aesar (UK) and dried for 24 h under 

vacuum (100 mbar) at 50 °C before use. 1,6-hexanediol (98%) and HSA (99%) were 

purchased from Sigma Aldrich (UK) and dried for 24 h under vacuum (100 mbar) at 

room temperature (RT) before use. SA (>97%), TMPO (96%) and HEMA (97%) 

were purchased from Sigma Aldrich (UK) stored at -50 °C and used as received. 

Novozym 435 (CaLB immobilised on cross-linked acrylic resin beads) was kindly 

donated by Novozymes (Denmark) stored at 4 °C and dried for 24 h under vacuum 

(100 mbar) at RT before use. All the solvents were of analytical grade, or 

Chromasolv® were specified, purchased from Sigma Aldrich (UK) and used as 

received. Supercritical Fluid Chromatography (SFC) grade 4.0 CO2 (minimum purity 

99.99%) was purchased from BOC Special Gases (UK) and used as received. Photo-

initiators Uva-Cure 1600 and Irgacure 651 were supplied by CYTEC and BASF, 

respectively, stored in the dark at RT and used as received. 

 

 

4.2.2 Methods 

 

4.2.2.1 Enzymatic synthesis of telechelic poly(hexylene azelate) (PHAz) 

 

In a typical procedure the diacid (10.20 mmol), diol (DP6: 8.73 mmol; DP3: 7.65 

mmol) and one end-capper chosen from SA, HEMA and TMPO (DP6: 2.91 mmol; 

DP3: 5.10 mmol) were added to the stainless steel reaction autoclave (60 mL) [60, 

73], along with enzyme and fresh molecular sieves (3 Å, particle size 1.6-2.5 nm) 

(25% by weight of each relative to the total amount of monomers and end-cappers). 

The vessel was then sealed and pressurised up to 50 bar. Then, the temperature was 

raised to 35 °C, the pressure stabilised at 275 bar and the reaction left to run for 24 h 

while stirring at 100 rpm. To avoid polymer foaming and consequent tubing 
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blockages [40], the reactions were stopped by cooling the vessel in a water/ice bath 

(0 °C) and the CO2 was vented when the pressure fell below 20 bar. Finally, the 

product was dissolved in 6 mL of toluene (gently heated at 40 °C, to melt the diol 

and retain information on conversion) and filtered to remove the enzyme and 

molecular sieves. Filtered solutions were dried at 40 °C under reduced pressure 

leaving solid polymeric products. Product yield was calculated by dividing the dry 

product mass by the theoretical mass. The enzyme beads were manually separated 

from the sieves and collected to recycle them and then to determine the residual 

activity. 

When using HSA as an end-capper, an excess of diol was used in order to obtain 

OH-end-functional chains able to react with the hydroxy fatty acid. Accordingly, 

10.20 mmol of diol and 8.73 mmol (DP6) or 7.65 mmol (DP3) of diacid were used. 

The reaction conditions and purification procedure were as described above.  

The reactions were performed at least twice to check reproducibility. The 

nomenclature used in this chapter is detailed in Table 4.1. 

 
Table 4.1 - Naming scheme of the telechelic poly(hexylene azelate)s (PHAzs) presented in this 

chapter. 

Name DP Functionaliser 

PHAz-SA3 3 
Sorbic alcohol (SA) 

PHAz-SA6 6 

PHAz-HSA3 3 
12-hydroxy stearic acid (HSA) 

PHAz-HSA6 6 

PHAz-TMPO3 3 
Trimethylolpropane oxetane (TMPO) 

PHAz-TMPO6 6 

PHAz-HEMA3 3 
2-hydroxyethyl methacrylate (HEMA) 

PHAz-HEMA6 6 

 

The reaction schemes are shown in Figure 4.6. 
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Figure 4.6 – Reaction schemes for the enzymatic syntheses of the green telechelics in scCO2. An 

excess of diacid was used for alcohol end-cappers (SA, HEMA and TMPO), whilst an excess of 

diol was required in the case of the acid end-capper (HSA) (n=3 or 6). R-OH and R-COOH 

represent the end-cappers. 

 

4.2.2.2 Cross-linking procedure 

 

The telechelics functionalised with SA, HEMA and TMPO were cross-linked by 

selective reaction of the end-groups present in the polymers (using Irgacure 651 for 

radical cross-linking and Uva-Cure 1600 for cationic cross-linking). Typically, tin 

foil-covered vials were charged with 25 mg of polymer, 1 mg of initiator (4% by 

weight) and 100 mg of chloroform. After homogenisation of the mixture, the sample 

was cast onto a microscope glass slide and the solvent was left to evaporate before 

proceeding with the curing process. When the solvent was fully evaporated a second 

glass slide was put on the sample and cross-linking was performed by irradiation 

with a Black Ray B-100AP Hg ultraviolet (UV) lamp (100 W, # = 365 nm, 

irradiance 21 mW cm-2) for 5 minutes. 
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4.2.2.3 1H and 13C-NMR analysis. 

 

NMR analyses were conducted on a Bruker DPX300 spectrometer in CDCl3 

(concentration: 20 mg mL-1). The number of scans was 16 for 1H (300 MHz) and 

4096 for 13C (75 MHz). Conversion and chain length were analysed through 

monomer peak and end-group analysis respectively. 

The intensities of the peaks assigned to the PHAz backbone were normalised with 

respect to the number of protons of the end-capper. 

For increased clarity, the spectrum and the structure with labels for PHA-TMPO6 are 

shown (Figure 4.7). 

 

 
Figure 4.7 - 1H-NMR of PHAz-TMPO6: the end-capper peaks are observed at around 4.50 ppm 

(a and a’), 1.75 ppm (b), 0.95 ppm (c) and 4.25 ppm (d), a peak assigned to unreacted TMPO 

(<13%) is observed at 3.81 ppm (e). The triplet around 3.65 ppm is assigned to –CH2-OH 

protons in 1,6-hexanediol and was used to estimate monomer conversion. 

 

Equation (4.1) was used for the determination of the average Mn of the polymer 

chains functionalised with SA, TMPO and HEMA: 
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Where Ix are the integrals of the peaks with the relative label (x=i, h+k, g, or j) and 

MWEC is the molecular weight of the end-capper. The numbers subtracted from Ii, 

Ih+k and Ig take in account the azelaic acid unit which is not part of the repeating unit 

but gives a contribution to these peaks (this segment is accounted for through the 

additional “154.2” term in Equation (4.1)). 

In the case of PHAz-HSA the equation is slightly different to take into account the 

different structure (additional 1,6-hexanediol unit instead of azelaic acid) and the 

protons of the end-capper which contribute to the integral of peaks i, g and h, 

Equation (4.2): 
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Here again, Ix are the integrals of the peaks with the relative label (x = i, h+k, g, or j) 

and MWHSA is the molecular weight of HSA. The values subtracted from Ig and Ij 

take into account the 1,6-hexanediol unit which is not part of the repeating unit but 

does give a contribute to these peaks (this segment accounted for through the 

additional term “116.2” in equation (2)). The value 56 is subtracted to Ii in order to 

take into account the protons of HSA (26$2 protons) and the protons of 1,6-

hexanediol (4 protons), which contribute to the integral of this broad peak. Finally, 

the value 8 is subtracted from Ih+k in order to take into account the protons of HSA 

(2$2 protons) and those of 1,6-hexanediol (4 protons). 

The spectrum of PHA-HSA6 is shown for added clarity (Figure 4.8). 
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Figure 4.8 - 1H-NMR of PHAz-HSA6: the end-capper peaks are observed at 0.90 ppm (a), 3.60 

ppm (b) and in the broad peak at 1.45 ppm (i). An additional small triplet that is assigned to 

protons adjacent to an alcohol group (either in the 1,6-hexanediol monomer or in uncapped 

chains) is observed at 3.65 ppm. This peak was used to estimate the approximate conversion and 

extent of functionalisation. 

 

The chemical shifts are reported in parts per million (ppm) with respect to residual 

solvent peaks (7.26 ppm for 1H and 77.36 ppm for 13C) [74]. 

 

4.2.2.4 Gel permeation chromatography (GPC) 

 

The molecular weights of the samples were analysed using a Polymer Laboratories 

GPC 50 with a refractive index detector and calibrated with poly(styrene) standards 

in the range of 100 g mol-1 – 500 kg mol-1. The machine was equipped with a PL 

PLgel guard (8 µm) column followed by two PL PLgel Mixed-D (8 µm) columns. 

The samples were run in CHCl3 Chromasolv® (5 mg mL-1) at a flow rate of 1 mL 

min-1. Cirrus software was used for analysis. 

 

4.2.2.5 Differential scanning calorimetry (DSC) 

 

DSC analyses were performed using a TA-Q2000 DSC (TA Instruments, USA) 

calibrated with sapphire and indium standards. In a standard experiment, the sample 
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(2.00 ± 0.10 mg) was melted with a first heating scan up to 100 °C (10 °C min-1) and 

cooled down to -90 °C (10 °C min-1). A second heating scan up to 100 °C, with the 

same heating rate, was then carried out to detect the melting point. Isothermal 5-

minute segments were performed at the conclusion of each ramp. The experiments 

were carried out under a N2 flow (50 mL min-1). 

The Tm was taken as the maximum of the endothermic peak. Each experiment was 

repeated three times and the results are shown as the average ± 1 standard deviation. 

 

4.2.2.6 Matrix-assisted laser desorption/ionisation-Time of flight mass 

spectrometry (MALDI-TOF) 

 

MALDI-TOF analyses were performed using a Bruker UltraFlex III. DCTB (trans-2-

[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) was used as a 

matrix with Na+ and K+ as cations. The analyses were performed in reflection mode. 

For the sample preparation, 20 %L of a solution of polymer in CHCl3 (10 mg mL-1) 

were mixed with 20 %L of a DCTB solution in acetonitrile (10 mg mL-1) and 0.5 %L 

of sodium and potassium trifluoroacetate in acetonitrile (5 mg mL-1); 1 %L of this 

mixture was spotted on the target plate and left to dry at room temperature. 

 

4.2.2.7 Real time Fourier Transform Infrared (FTIR) 

 

Real time FTIR analyses were carried out using a Perkin Elmer Spectrum 2000 FTIR 

instrument equipped with a Specac Golden Gate attenuated total reflection (ATR) 

unit and a Hamamatsu L5662 (Hg-Xe) UV light source (# = 365 nm, irradiance 6 

mW cm-2) provided with optical fibres to direct the radiation towards the sample. In 

a typical analysis, the sample (25 mg polymer, 1 mg photo-initiator in 100 mg of 

CHCl3) was left to dry on the ATR crystal and then covered with a glass slide. The 

spectrum was collected from 600 to 4000 cm-1 (16 scans) and the acquisition was 

stopped when no changes in the peaks could be detected anymore. The setup 

(schematic+photograph) is shown in Figure 4.9. 
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Figure 4.9 – Real time FTIR setup for photo-initiated cross-linking of the telechelics. Scheme 

(left) and picture (right) of the equipment are shown. 

 

4.2.2.8 Melt (high-temperature) synthesis 

 

For comparisons, the polymerisations were carried out also in the melt targeting DP3 

using the same amount of monomers and end-cappers as before: 3.4 mmol of azelaic 

acid, 2.55 mmol of 1,6-hexanediol, 1.7 mmol of functionaliser (SA, TMPO and 

HEMA) and 25% by weight of Novozym 435 and molecular sieves (4Å). In the case 

of HSA 3.4 mmol of diol, 2.55 mmol of diacid and 1.7 mmol of HSA were used. The 

oil bath temperature was set to 115 °C in order to achieve 110 °C in the centre of the 

20 mL round bottom flask (checked with an internal thermocouple) and the reaction 

was left to run for 24 hours. The product was dissolved in 2 mL of toluene to remove 

the enzyme and sieves (therefore collecting only the soluble fraction of the product). 

The enzyme beads were manually separated from the sieves and the insoluble 

fraction of the product in order to test their residual activity. 

 

4.2.2.9 Enzyme recycling test 

 

The activity of fresh enzyme was compared with the activity of the enzyme that had 

been used for up to five reactions in scCO2 and for one reaction at 110 °C, by 

carrying out the esterification of 0.71 mmol of oleic acid (200.00 mg) with an 

equimolar amount of 1-propanol (42.67 mg) to form propyl oleate (Figure 4.10). The 
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reaction was performed at 50 °C in toluene (300 %L) with 25% wt of enzyme loading 

while stirring at 300 rpm. 

The conversion of the reaction was monitored through 1H-NMR analysis by 

comparing the peak at 3.65 ppm (a) and the peak at 4.10 ppm (b). Samples were 

taken after 1, 3, 5 and 24 hours. 
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Figure 4.10 - Synthesis of propyl oleate. This reaction was used to monitor the enzyme activity 

after the high- pressure polycondensations. The reaction was monitored through 1H-NMR by 

comparing the 1-propanol peak (a) at 3.65 ppm and the propyl oleate peak (b) at 4.05 ppm. 
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4.3 Results 

 

 

4.3.1 Low temperature enzymatic route to telechelic PHAz in scCO2 

 

Two commercially available bio-based monomers have been exploited as building 

blocks for the backbone of the telechelics: azelaic acid and 1,6-hexanediol. As 

previously stated, these two monomers are not plasticised by the scCO2; however, 

azelaic acid does display a small degree of solubility (~10-5 mole fraction) [64]. On 

the other hand, to the best of the author’s knowledge the solubility of 1,6-hexanediol 

in CO2 has not been investigated; whilst its isomer 1,2-hexanediol does show some 

solubility in CO2 (~10-5 mole fraction) [71].  

View cell investigations were carried out to observe if any clear hints of solubility 

could be observed (Figure 4.11). 

 

 
Figure 4.11 - Visual inspection of (1) azelaic acid and (2) 1,6-hexanediol: (a) in CO2 (35 °C, 275 

bar) and (b) upon removal of the supercritical fluid (after 7 hours under pressure). A quasi-

foamed structure is observed for azelaic acid and possible monomer residues are seen on the 

surface of the vials and on the sapphire window. Although the mechanical stirrer is visible, the 

content of the autoclave was not stirred during the experiments. 

 

This study was performed at 35 °C, since this temperature is just above the critical 

point for CO2 and the reported solubility for azelaic acid is in this range of 

temperature [64]. The observations confirmed that the two monomers are not 

liquefied under these conditions (35 °C, 275 bar). 
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Unfortunately our system did not allow for quantitative solubility tests, nonetheless it 

did show a clear interaction between the CO2 and azelaic acid, since a quasi-foamed 

structure was obtained upon venting of the autoclave. Furthermore, the opaqueness 

of the glass vials and sapphire windows upon venting might be attributed to azelaic 

acid and 1,6-hexanediol solubilised in the CO2 and deposited there after 

depressurisation of the view cell. 

The starting hypothesis is that, if 1,6-hexanediol is characterised indeed by a degree 

of solubility in scCO2, the initial solubility of the two monomers in supercritical 

medium would allow for some dimers and trimers to form. These would then 

precipitate out from the supercritical phase and be plasticised by the scCO2: thus, 

being a melt and a co-solvent for the remaining monomers and end-capper.  

Preliminary polymerisation studies carried out in scCO2 (35 °C, 275 bar) by 

synthesising non-end-capped chains (not shown) demonstrated that 24-hour reactions 

afforded the desired products, whilst shorter times were not sufficient to obtain the 

targeted structures [75]. As expected, reactions performed at the same temperature in 

the absence of CO2 did not afford any polymer products. Hence, the presence of 

scCO2 plays a crucial role in this process. 

Accordingly, the reactions described in this chapter were carried out at 35 °C in CO2 

(275 bar) targeting specific degree of polymerisations (i.e. DP3 and DP6) by 

carefully controlling the monomer and end-capper feed ratios. Once the autoclave 

was vented, solid white homogeneous products were collected. This immediately 

demonstrated a successful polymerisation, since the starting monomers are powders 

characterised by very different appearances. After separation of the 

enzyme/molecular sieves and drying, light yellow/white solid polymers were 

obtained. As a visual example, the PHAzs with DP equal to 3 are shown (Figure 

4.12). 
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Figure 4.12 – Functional PHAzs (DP3) synthesised in this study. Light yellow/white solid 

materials were obtained. The polymers with DP6 showed similar appearance (not shown). 

 

All the reactions provided products in good yields and almost quantitative 

conversions (Table 4.2). 
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The conversion of each reaction was analysed by monitoring the peaks relative to 

1,6-hexanediol in its monomeric form (protons adjacent to the alcohol group) and 

when incorporated into the polymer backbone (protons adjacent to the ester group). 

All the reactions showed high conversion ( 96%) but it is worth pointing out that any 

polymers terminating with an alcohol group do also give a peak at 3.65 ppm and this 

does lead to a small underestimation of the conversion. MALDI-TOF data do show 

that there is a component of AB-type polymer that is alcohol terminated in PHAz-

TMPO (see Figure 4.25). 

 

 

4.3.2 Thermal properties 

 

DSC analyses allowed for the determination of the thermal properties of the 

telechelics. The Tm and the enthalpy of fusion (!Hf) of the products with DP3 can be 

seen to change significantly when varying the end-capper (Figure 4.13). 

 
Figure 4.13 – DSC traces of PHAz (DP3) with different end-functionalisation. PHAz-HSA3 

displays the highest Tm (46.0 °C), whilst PHAz-TMPO3 shows the lowest (29.1 °C). 
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It is well known that the thermal properties of low molecular weight polymers can be 

strongly influenced by the end-groups [76, 77]. Different end-groups can result in 

different crystallisation behaviour, therefore resulting in varied !Hf and Tm [78]. In 

more detail, the sharpest and largest endothermic peaks are shown by the HSA and 

SA functional PHAzs, whilst PHAz-TMPO3 and PHAz-HEMA3 exhibit the lowest 

Tm and !Hf. This is due to the bulkier structure of the latter end-cappers that results 

in a more significant alteration of the crystalline structure. A similar effect has been 

observed on phenoxyl and acetoxyl terminated low molecular weight poly(ethylene 

oxide) (1000-3000 g mol-1) when compared to hydroxyl, methoxyl and ethoxyl 

terminated chains [79, 80]. 

In addition, PHAz-TMPO3 exhibits a bimodal melting endotherm. It is well known 

that in semicrystalline polyesters multiple endothermic peaks, or multimodal melting 

points, can be detected. This can arise from the melting of crystallites with different 

stability and size, or from reorganisation of the crystals [81]. 

Finally, it was not possible to clearly identify the Tg of the telechelics through DSC 

because of the low temperature operating capabilities of the apparatus. However, the 

Tg should be expected to be below -60 °C as has been observed by others for similar 

polyesters, such as poly(butylene azelate) [81].  

Polymers with a longer PHAz backbone (DP6) displayed higher Tm and !Hf values 

(Figure 4.14) as expected result, and this can be attributed to larger crystallites that 

are formed when longer polymer chains pack. For instance, similar results were 

obtained on poly(!-caprolactone) at low molecular weights by Huang et al.: in this 

case the Tm was found to increase significantly with the molar mass until about 9000 

g mol-1, after which it remained almost constant [82].  
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Figure 4.14 - Tm and !Hf values for PHAz with DP3 and DP6 and different end-

functionalisation. Both of the quantities increased with the DP. The PHAz functionalised with 

SA and HSA were characterised by the highest Tm and !Hf. 

 

 

4.3.3 Structural characterisation 

 

4.3.3.1 NMR studies 

 

Thorough 1H-NMR investigations were performed to obtain information on chemical 

structure, molecular weight, functionalisation and monomer conversion. The Mn 

determined from 1H-NMR (Mn
NMR) is in all the cases close to the theoretical value 

calculated from the diacid : diol : functionaliser ratios. Thus, this immediately 

demonstrates that the polymerisations yielded chains with DP within the desired 

range, suitable for coating applications and cross-linked networks [19, 20, 29]. The 

Mn calculation was performed by use of the integral values assigned to the peaks of 
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polymer backbone compared to those of end-group (using equation (4.1) and (4.2), 

as explained in the experimental section).  

To confirm the results obtained from 1H-NMR, GPC analyses were also used, and 

the numbers were always close to those calculated from 1H-NMR (Table 4.2). 

However, there is clearly a slight overestimation in MnGPC for all the polymers. This 

is a consequence of the calibration performed with poly(styrene) (PSt) standards, 

which will always have hydrodynamic volumes different from the analysed 

polyesters. Similar differences have been encountered by other groups, when using 

GPC with PSt standards for polyester analysis [19, 21, 44]. Nevertheless, the 

agreement with 1H-NMR is fairly good and the dispersity values are mostly around 

2, which is a value typically expected for linear telechelics synthesised by 

polycondensations at high conversions and already found by other groups when 

synthesising low molecular weight telechelics [19, 26]. 
1H-NMR (Figure 4.15-1,2 and Figure 4.17-1,2) and 13C-NMR (Figure 4.19 to Figure 

4.22) analyses for the polymer with DP6 also confirm the chemical structure and 

incorporation of intact end-groups. The 1H-NMR spectra of the polymer with DP 

equal to 6 are shown in the Appendix I (Figure A.1 to Figure A.4). 

The 1H-NMR spectra clearly show that the end-group functionalities are incorporated 

into the polymer chains and are unaffected during the synthesis mainly as a result of 

the low reaction temperature (35 °C) achieved by using scCO2. For example, it is 

well known that at higher temperatures (>85 °C) side reactions involving acrylate, 

methacrylate and oxetane moieties do occur [47, 83]. In addition, it is known that the 

selectivity of CaLB towards primary alcohol is significantly reduced at temperatures 

above 100 °C; thus leading to branching when monomers or end-cappers with 

secondary -OH groups are exploited [44]. Therefore, lower temperature approaches 

are without a doubt highly desirable when using CaLB. 



 125 

 

 
Figure 4.15 - 1H-NMR of: (1) PHAz-SA3: the end-capper peaks are clearly observed at around 

1.75 ppm (a), 4.52 ppm (f) and between 5.50 and 6.55 ppm (b-e); (2) PHAz-HSA3: the end-

capper peaks are observed at 0.90 ppm (a), 3.60 ppm (b) and in the peak at 1.45 ppm (i). An 

additional small triplet that is assigned to protons adjacent to an alcohol group (either in the 

1,6-hexanediol or uncapped chains) is observed at 3.65 ppm in PHAz-HSA. 
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In more detail, the spectrum of PHAz-SA3 (Figure 4.15-1) clearly shows the 

resonances attributed to the protons of the end-capper (b-e; between 5.5-6.5 ppm) 

and the integral of peak f (4.6 ppm) has been used to calculate the fraction of SA 

linked to the polymer chains (and hence the extent of di-functionalisation). 

The spectrum of PHAz-HSA3 (Figure 4.15-2) shows that the peak assigned to the 

alkyl proton adjacent to the secondary –OH (at 3.6 ppm) is still present, thus showing 

the preservation of this functionality. In this case, the resonances of the end-capper 

did not explicitly demonstrate if HSA was attached to the chain: hence, the minimum 

amount of di-functional chains (shown in Table 4.2) was back-calculated using the 

full value of the integral of the overlapping peaks at 3.65 ppm (Figure 4.16). This 

integral has contributions from the alkyl protons adjacent to the secondary alcohol in 

HSA (broad peak, red dashed lines) and any alkyl protons adjacent to –OH groups in 

1,6-hexanediol and OH-terminated chains (triplet, blue solid lines). 

 

 
Figure 4.16 - The integral of the overlapped peaks around 3.65 ppm was used to calculate the 

amount of di-functional chains assuming 100% conversion. This integral has contributions 

from: (1) the broad peak (3.59 ppm) assigned to the protons adjacent to the secondary alcohol in 

the HSA end-capper (red dashed arrows); and (2) the triplet attributed to the hydrogens 

adjacent to –OH groups in 1,6-hexanediol and OH-terminated chains (i.e. non-functional 

chains). The wavy line represents the remainder of the PHAz backbone. 
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Figure 4.17 - 1H-NMR of: (1) PHAz-TMPO3: the end-capper peaks are observed at around 4.50 

ppm (a and a’), 1.75 ppm (b), 0.95 ppm (c) and 4.25 ppm (d), a peak assigned to unreacted 

TMPO (<13%) is observed at 3.81 ppm (e); (2) PHAz-HEMA3: the end-capper signals are seen 

at 5.55 ppm (a and a’), 6.65 ppm (b and b’), 1.98 ppm (c) and 4.28 (d). 
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In the case of PHAz-TMPO3 (Figure 4.17-1), the protons of the oxetane ring are 

observed around 4.5 ppm (a+a’). The integrals of d (4.25 ppm) and e (3.81 ppm) 

could be used to calculate the amount of TMPO attached to the polymer chains. The 

peak at 3.65 ppm (alkyl protons close to a primary –OH group) could be used to 

provide an estimation of the minimum conversion. 

Furthermore, it is clear that in the spectrum of PHAz-HEMA3, in addition to the 

expected peaks, additional features can be assigned to different species (Figure 4.17-

2). As expected, during the synthesis there are acyl transfer reactions going on 

between all the species (monomers, oligomers and end-capper) present in the system 

(see Chapter 1, Section 1.3.1.1, page 14 for more details on the reaction mechanism 

of CaLB). Therefore, in addition to the interaction with the carbonyl group of azelaic 

acid (in its monomeric form or in the PHAz backbone), CaLB can interact with the 

carbonyl group of HEMA (Figure 4.18). Hence forming a tetrahedral intermediate 

with HEMA and then an acyl-enzyme complex with the methacryloyl group (1). 

Contemporaneously ethylene glycol (2) is released. This diol can subsequently 

attack, as a nucleophile, another acyl-enzyme complex formed with azelaic acid 

(monomeric or in a PHAz chain). Therefore, the polymerisation will proceed and 

ethylene glycol units will be inserted in the telechelic backbone (3) (as observed in 

the 1H-NMR Figure 4.17-2, peak d’) rather than at the end of the polymer chain. 

Equally, 1,6-hexanediol-terminated PHAz chains can attack the acyl-enzyme 

complex with the methacrylate group and, therefore, the methacrylate group will 

then be attached directly at the end of the PHAz chain (4) (Figure 4.17-2, peak e) 

without ethylene glycol as a linker. 

Finally, the same acyl-enzyme complex can react with HEMA forming the diester 

ethylene glycol dimethacrylate (EGDMA) (Figure 4.17-2, peak f), although less than 

4% of this species is detected through 1H-NMR. 

This is a clear demonstration of the dynamic nature of lipase-catalysed reactions. 

CaLB is continuously cleaving ester linkages and creating new ones, thus causing the 

migration of ethylene glycol units throughout the polymer chains as shown in Figure 

4.17-2 and Figure 4.18, and as already reported in the literature [19]. 
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The 13C-NMR spectra of the same polymers showed again the achievement of 

successful polymerisations with addition of the end-cappers and preservation of the 

desired functional moieties (Figure 4.19 to Figure 4.22). 

 

 
Figure 4.19 - 13C-NMR spectrum of PHA-SA3. The PHAz alkyl backbone is observed at 24.9, 

25.6, 28.5, 29.0, 34.3, 64.2 and 173.8 ppm, whilst the characteristic end group is observed 

between 120-136 ppm. 

 

 
Figure 4.20 - 13C-NMR spectrum of PHA-HSA3. The characteristic end group is observed at 

72.0 ppm labelled “l” in the structure and on the spectrum. 
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Figure 4.21 - 13C-NMR spectrum of PHA-TMPO3. The characteristic end group is observed at 

77.9 ppm (two identical carbons labelled “a”). 

 

 
Figure 4.22 - 13C-NMR spectrum of PHA-HEMA3. The characteristic end group is observed at 

125.2 and 136.5 ppm with the olefinic carbon labelled “b” and “c”. 

 

As expected, the peaks assigned to the PHAz backbone (at 24.9, 25.6, 28.5, 29.0, 

34.3, 64.2 and 173.8 ppm) were observed in all the polymers and, in addition to 

these, the resonances assigned to the specific moieties of the end-cappers were also 

detected (i.e. the unsaturated carbon resonances between 120-136 ppm for SA and 

HEMA, the carbon attached to a secondary alcohol at 72 ppm for HSA and the 

oxetane signal at 78 ppm for TMPO). 
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4.3.3.2 MALDI-TOF analyses 

 

To obtain further verification and confirmation of the NMR results, the polymers 

with DP equal to 3 were studied by MALDI-TOF. These measurements confirmed 

successful enzymatic polymerisation and functionalisation. Several series of peaks 

with a repetitive pattern of 270.4 g mol-1 are detected for all the polymers (Figure 

4.23 to Figure 4.26, light blue double-headed arrows), hence confirming the structure 

of the hexylene azelate repeating units. 

In more detail, the spectrum of PHAz-SA3 clearly shows two main series that can be 

assigned to the di-functional polymer (series n) (Figure 4.23). Only one peak (m) 

with very low intensity assigned to a non-functional chain is detected. This, 

correlated with the 1H-NMR results, confirms a high extent of functionalisation. 

 

 
Figure 4.23 - MALDI-TOF spectrum of PHAz-SA3. The main series (n) is assigned to the 

telechelic chains ionised with K+. Satellite signals at lower m/z (*) are given by chains with Na+ 

ions. The peak m can be assigned to a non-functional (AB)A-type chain with DP4. 

 

The spectrum of PHAz-HSA3 shows only one series of peaks assigned to di-

functional chains. No mono-functional or non-functional chains are detected (Figure 

4.24). 
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Figure 4.24 - MALDI-TOF spectrum of PHAz-HSA3. The main series (n) is given by the 

telechelic chains. No other species are detected. The mass difference between the peaks is 270, 

which corresponds precisely to the hexylene azelate repeating unit. 

 

By contrast, the MALDI-TOF spectrum of PHAz-TMPO3 shows several different 

series (Figure 4.25). The main one (n) is given by the chains carrying oxetane 

moieties at both ends and, hence, the target telechelic. In addition to this, two other 

distributions are detected. Both of them are assigned to non-functional AB-type 

polymer chains; one terminating with an alcohol and a free acid end (m), the other 

(*) with an alcohol and a sodium carboxylate end-group formed in the MALDI-TOF 

sample preparation. Sodium carboxylate end-groups have been already observed in 

the mass spectrum of similar systems [19]. 

Although the intensity of the AB-type polymer peaks is quite high, it should be noted 

that this analysis is not quantitative, thus the size of the peaks does not indicate 

absolute quantities but only how effectively different fragments are ionised and fly 

down the MALDI-TOF [21, 84]. In fact, the non-functional AB-type chains represent 

around 13% of the product, as calculated from 1H-NMR by analysis of the ratio 

between the peaks 4.20 ppm and at 3.65 ppm (Figure 4.17-1). Therefore, the targeted 

telechelic polyester represents more than 87% of the final product. 
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Figure 4.25 - MALDI-TOF spectrum of PHAz-TMPO3. (n) di-functional product; (m) AB-type 

chains with acid and alcohol end-group; (*) AB-type chains with a sodium carboxylate and an 

alcohol end. Note that the mass difference between the peaks of each series is 270, which 

corresponds to the hexylene azelate repeating unit 

 

Finally, the spectrum of PHAz-HEMA shows once again the dynamic nature of 

lipase-catalysed polyesterifications (Figure 4.26). Five different species can be 

identified: three are di-functional and two mono-functional. These structures are 

differentiated by the presence or the absence of ethylene glycol units. Thus, 

confirming the 1H-NMR results described previously and the dynamic nature of 

lipase-catalysed polycondensations (Figure 4.17-2 and Figure 4.18). Nonetheless, 

non-functionalised structures were not detected; therefore, all the polymer chains that 

are produced can participate in radical cross-linking reactions leading to useful 

functional materials. 

 



 135 

 
Figure 4.26 - MALDI-TOF spectrum of PHAz-HEMA3. Different species can be identified. (n), 

(x) and (y) are telechelic chains; (m) and (z) are mono-functional chains. All the series show the 

characteristic spacing of 270 between the peaks. 

 

 

4.3.4 Effect of enzyme concentration 

 

 

An important parameter to consider when carrying out an enzymatic reaction is the 

enzyme loading. In fact, the amount of enzyme can strongly affect the yield of the 

reaction and the commercial viability of the process (i.e. a high loading is 

detrimental from an industrial point of view because of the high cost in the long 

term). However, it is important to remark how in this case the weight of the catalyst 

is mainly given by the acrylic resin beads that support the enzyme: in fact, the lipase 

amount per entire catalyst (support+CaLB) weight in Novozym 435 is 10% [42].  

Typical enzymatic polymerisations carried out using CaLB (immobilised on acrylic 

resin beads) require a supported enzyme amount comprised between 10 and 25% by 

weight (relative to the overall amount of reactants, which corresponds to 1 and 2.5% 
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by weight of lipase respectively) to obtain sufficiently high yields and conversions in 

a reasonable time (normally 24 hours) [11, 20, 29, 41, 44]. 

The reactions described so far were carried out using 25% by weight of Novozym 

435 for 24 hours; hence, 2.5% by weight of lipase relative to the global amount of 

reactants were used for each reaction. 

Further investigations were carried out to understand whether lowering the enzyme 

loading would have affected the reaction yield and conversion (always with a 24-

hour reaction) or not. In fact, if comparable yields and end-capping efficiency could 

be achieved with lower enzyme loading this would make the process more 

commercially sustainable and interesting.  

For this aim, the polymerisation with TMPO as an end-capper (targeting DP6) using 

10% by weight of Novozym 435 was carried out. The reaction gave product with 

high yield (90%). Furthermore, the 1H-NMR spectrum of the reaction product 

confirms the successful formation of a polymer with the targeted DP and, hence, 

MnNMR close to the theoretical value (Mnth = 2100 g mol-1; MnNMR= 2300 g mol-1) 

(Figure 4.27). 

 

 
Figure 4.27 - 1H-NMR of PHAz-TMPO6 synthesised by using 10% by weight of Novozym 435: 

the end-capper peaks are observed at around 4.50 ppm (a and a’), 1.75 ppm (b), 0.95 ppm (c) 

and 4.25 ppm (d), a peak assigned to unreacted TMPO (7%) is observed at 3.81 ppm (e). 
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Additionally, this spectrum shows also that when using 10% by weight of Novozym 

435 the amount of difunctional chains is higher than that obtained when using 25% 

by weight of immobilised enzyme (93% as opposed to 88% respectively), whilst 

showing the same monomer conversion (around 98%). Therefore, not only is the 

yield of the reaction not affected by a lower enzyme loading, but also the 

functionalisation efficiency is slightly higher. A similar effect was observed 

elsewhere when preparing telechelics using divinyl adipate and 1,4-butanediol, 

where this was attributed to the increased hydrolysis of the end groups when the 

enzyme concentration was increased and sometimes no vinyl end-groups were found 

at all [85]. In fact, it is important to emphasise once again that lipase-catalysed 

polycondensations are dynamic reactions where the enzyme is continuously cleaving 

and forming new ester bonds. After the initial steps (when only monomers and end-

cappers are present), several reaction intermediates and the propagating polyester 

chain itself can function as acyl donors. Therefore, the enzyme catalyst can also 

attack the ester bonds within the polymer chain and, hence, cleave the backbone [27]. 

An additional reaction was carried out lowering further the Novozym 435 loading to 

5% by weight. In this case, the reaction yield was still remarkably high (85%) but the 

end-capping efficiency was much lower (70%) (Figure 4.28). Hence, this low 

amount of enzyme is not sufficient to catalyse efficiently the reaction and probably 

more than 24 hours would be needed to achieve good end-capping. 
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Figure 4.28 - 1H-NMR of PHAz-TMPO6 synthesised by using 5% by weight of Novozym 435: 

the end-capper peaks are observed at around 4.50 ppm (a and a’), 1.75 ppm (b), 0.95 ppm (c) 

and 4.25 ppm (d), a peak with significant intensity assigned to unreacted TMPO (30%) is 

observed at 3.81 ppm (e). 

 

 

4.3.5 Enzyme recycling 

 

 

The results shown so far in the previous sections are undoubtedly significant and 

interesting. In a nutshell, it has been shown that condensation polymerisations of 

azelaic acid and 1,6-hexanediol and end-capping with functional molecules can be 

carried out at 35 °C, directly from the diacid and using an immobilised naturally 

occurring enzyme as a catalyst. 

An additional hypothesis was that the low temperature of the reaction could provide 

the possibility of reusing the enzyme without significant loss of activity over a 

number of cycles. This would enhance the value of this novel approach in scCO2. In 

fact, when designing enzymatic processes from an industrial point of view, 

successful recycling of the enzyme catalyst for several cycles is a crucial requirement 

[86]. 
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To further emphasise this advantage, this novel low temperature approach was 

compared to reactions carried out in the molten state at high temperature. For these 

reasons, the polymerisations of azelaic acid and 1,6-hexanediol with the four 

different end-cappers were conducted in the melt targeting DP3, by using a normal 

oil-bath set up. In order to obtain a homogeneous molten phase, the internal 

temperature of the glass flask was set to 110 °C. 

As expected, the first finding was that these polymerisations afforded products with 

much lower yields (Table 4.3). 

 
Table 4.3 – Yields of the Novozym 435-catalysed polymerisation in the melt (110 °C). 

Product 
Yield 

(%)a 

PHAz-SA3 40 

PHAz-HSA3 72 

PHAz-TMPO3 61 

PHAz-HEMA3 60 
aYield= weight of collected product/theoretical weight!100;  

 

It is clear that the yields of these high-temperature polymerisations were generally 

quite low (between 40 and 70%). It is postulated that this might be caused by a lower 

catalytic efficiency of CaLB at 110 °C (the optimum temperature window declared 

by the supplier is 30-60 °C [87]) and/or possible cross-linking reactions between the 

end-capped polymer chains that might also have led to insoluble products. The latter 

reason could also explain the erratic results obtained from 1H-NMR analyses (see 

Appendix I, Figure A.6 to Figure A.8), which could not be used to obtain a sensible 

estimation of the average molecular weight (MnNMR). Integrals of the peaks assigned 

to the end-cappers showed values that did not match with the values expected for the 

intact structures. This can be attributed to side reactions involving the end-group 

moieties that likely occurred when carrying out the polymerisation in the melt at 110 

°C, however in-depth investigations of these side reactions and identification of the 

products obtained are beyond the focus of this research. 

In fact, these high temperature reactions were carried out mainly to analyse the 

activity of the enzyme after these melt polymerisations and those in scCO2.  
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Loeker et al. tested the residual activity of CaLB after the ring-opening 

polymerisation of !-caprolactone in CO2 (50 °C, 160 bar). They repeated the 

polymerisation using the same enzyme beads and observed no changes in the average 

targeted molecular weight [40]. Accordingly, we also ran the polymerisations in 

duplicate and reused the enzyme beads for up to five high-pressure reactions, and 

observed no reduction in the yield and/or significant changes in the average 

molecular weight. Additionally, the enzyme beads used for five polymerisations in 

CO2 at 35 °C were collected and their activity was tested and compared to that of 

fresh CaLB and that of beads used in the high-temperature melt reactions (at 110 

°C). The assays were performed by synthesising propyl oleate starting from oleic 

acid and 1-propanol and monitoring the conversion by 1H-NMR (spectra shown in 

the Appendix I, Figure A.10 to Figure A.12). Samples were taken after 1, 3, 5 and 24 

hours (Figure 4.29). 

 

 
Figure 4.29 - Comparison between the conversion obtained in the propyl laureate synthesis 

when using fresh enzyme (black) and recycled beads: from the reactions in scCO2 (green) and at 

high temperature in the melt (red). The points for the green plot are shown as the average 

between the data of five different measurements (after 1, 2, 3, 4 and 5 cycles in CO2) ± one 

standard deviation. The data for the fresh sample and those recycled after the high temperature 

reactions are shown as the average of three different experiments ± one standard deviation. 

 

The conversion values obtained using fresh Novozym 435 beads and those recycled 

from reactions in scCO2 are essentially overlapping (within the error). Therefore, 
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these data show that no reductions in the enzyme activity were caused by the high-

pressure reactions (up to five cycles, but possibly even more).  

On the contrary, the polymerisations carried out at 110 °C resulted in a significant 

reduction in the activity (possibly due to enzyme denaturation/leaching and cross-

linked insoluble polymer residues on the catalyst beads). Hence, this clearly shows 

that the melt polymerisations not only afforded low quality products with low yields, 

but also would not be commercially viable in the long term and on a large scale, 

because of the impossibility of recycling the enzyme efficiently. Conversely, the 

low-temperature supercritical route would be industrially more viable and 

sustainable. 

 

 

4.3.6 Cross-linking tests 

 

4.3.6.1 FTIR studies 

 

As aforementioned, the synthesised telechelics can undergo further reactions (such as 

cross-linking, chain extension or a secondary functionalisation) by exploiting the 

reactivity of the end-cappers. 

Preliminary real-time FTIR studies were conducted to understand if it might be 

possible to analyse the kinetics of the cross-linking reactions upon UV irradiation. 

These tests would confirm if any reaction happens at all and, if so, how long it takes 

for it to happen. Only the telechelics with DP3 were studied, since in these polymers 

the absorptions of the end-cappers would have been necessarily more easily detected 

than in polymers with a longer backbone (i.e. those with DP6); the intensity of an 

absorption band in an IR spectrum depends not only on the polarity of the bond but 

also on the number of the specific bonds present. Hence, the bands relative to the 

end-capper vibrations for a polymer with a lower DP should be more prominent, 

compared to those observed for a structure with a longer backbone. 

These investigations were carried out in collaboration with the group of Professor 

Mats Johansson at the KTH Royal Institute of Technology (Stockholm), taking 

advantage of their expertise on radical and cationic cross-linking. 
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The cross-linking of HSA-functional polymers would require the use of isocyanates, 

and unfortunately the safety regulations of KTH did not allow for these experiments 

to be carried out. For these reasons, only the FTIR spectra of the telechelics end-

capped with HEMA, SA and TMPO were analysed. 

The success of the radical cross-linking for PHAz-HEMA3 could be monitored by 

complete disappearance of the small peak (a) at 1635 cm-1 (Figure 4.30). The 

wavenumber of this peak corresponds to that observed for the monomer methyl 

methacrylate [88, 89], and hence it can reasonably be assigned to the methacrylate 

double bound of the HEMA end-capper that is consumed during the radical cross-

linking process. 

 

 
Figure 4.30 - Section of the FTIR spectrum of PHAz-HEMA3. As the cross-linking process is 

initiated, the peak at 1640 cm-1 rapidly depletes demonstrating loss of the C=C moieties. The 

black arrows show what peaks are decreasing or increasing in intensity over time. The wavy line 

in the upper structure represents the remaining of the PHAz backbone. 
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In addition, the small conjugated ester carbonyl shoulder at 1710 cm-1 (b) decreased 

with an overall increase of the carbonyl peak (c) at 1730 cm-1 (the conjugated ester 

carbonyls lose their conjugation upon reaction of the methacrylate double bound), as 

already observed for similar systems elsewhere [20]. These changes happened during 

the first 30 seconds, demonstrating a very rapid cross-linking process. 

The analysis of the crosslinking process of PHAz-SA3 was more problematic. The 

C=C stretch around 1650 cm-1 was not strong enough to be monitored efficiently. In 

fact, not only are these bonds non-polar, but also they are internal and this is known 

to strongly decrease the intensity of an IR peak [90]. However, in the area between 

1500 and 900 cm-1 several peaks disappeared and new ones appeared during UV 

exposure (Figure 4.31).  

 
Figure 4.31 - Section of the FTIR spectrum of PHAz-SA3 radically cross-linked. Several peaks 

disappear over time (after 300 seconds). In particular, the peak (a) at 990 cm-1 decreases in 

intensity: this peak might be attributed to the C=C-H bend, thus indicating radical cross-linking 

(albeit not complete) of the SA conjugated double bonds. The wavy line in the upper structure 

represents the remaining of the PHAz backbone. 
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Unfortunately it was difficult to draw strong conclusions from this spectrum. 

However, a peak around 990 cm-1 (a), which could be assigned to the out-of-plane 

C=C-H bend, was examined over time. The intensity of this peak started to decrease 

after 2 minutes and reached its lowest intensity at 5 minutes. Monitoring this peak 

for additional 10 minutes showed no further changes in the intensity; thus, it is 

possible that some residual C=C bonds are still present after this time. Nonetheless, 

the film on the FTIR crystal became transparent and insoluble upon UV irradiation, 

hence the material certainly did cross-link in these conditions. 

Finally, in the case of the telechelic cross-linked by cationic polymerisation (PHAz-

TMPO3), significant variations in the spectrum were observed in the region between 

1500 and 900 cm-1 (Figure 4.32). However, because of peak overlap the assignment 

and identification of the bands attributed to the vibration of the oxetane ring was 

challenging; as observed and reported elsewhere [29]. Nonetheless, the fact that we 

again obtained an insoluble transparent film upon UV irradiation was considered to 

be strong evidence of the cationic cross-linking. 

 

 
Figure 4.32 - Section of the FTIR spectrum of PHAz-TMPO3 radically cross-linked. Several 

peaks disappear over time (after 480 seconds). Significant changes happen around 1050 cm-1 

and these might indicate the ring-opening of the oxetane ring. 

 

Torron and Johansson reported that the ring-opening of oxetane-terminated 

telechelics could be monitored by observing the intensity of the peak assigned to the 
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cyclic oxetane (around 1107 cm-1) and the formation of new peaks corresponding to 

the formation of aliphatic ethers (around 1080-1060 cm-1) [29]. 

Zooming into the region between 1110 and 1040 cm-1 of the spectrum in Figure 4.32, 

the intensity of peak (a) (around 1100-1090 cm-1) can be seen to diminish over time 

(Figure 4.33). This band can be attributed to the oxetane ring. Then, the subsequent 

appearance of new absorption bands around 1090-1050 cm-1 might be assigned to the 

formation of linear ether linkages by cationic ring-opening of the oxetane [29, 47]. 

 

 
Figure 4.33 - Region between 1110 and 1040 cm-1 of the FTIR spectrum of PHAz-TMPO3 

radically cross-linked. . The formation of new bands around 1090-1060 cm-1 has been assigned 

in literature to the formation of linear ether linkages upon ring-opening of the oxetane moieties 

[29]. 

 

These FTIR studies were preliminary investigations carried out to corroborate the 

ability of the three telechelics to react under appropriate conditions, thus confirming 

once again the successful synthesis of functional bio-based materials. More in-depth 
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studies would be required to understand this process fully, optimising the 

spectroscopic features and to follow the cross-linking process in more detail. 

 

4.3.6.2 DSC studies on cross-linked samples 

 

Small aliquots of the same samples used for the FTIR investigations (i.e. polymer 

and photo-initiator dissolved in CHCl3) were cross-linked on microscope slides to 

obtain cured films. DSC measurements and solubility tests were performed on these 

films to determine the thermal transitions after curing and to emphasise any changes 

in solubility compared to the pristine status. 

Through the formation of a network, the amorphous fraction of the system is 

expected to increase due to the motion restriction imposed by the cross-links, which 

typically would impede effective packing of the polymer chains. Accordingly, the 

enthalpy of fusion should decrease upon curing; as observed for other polyesters 

cross-linked by using isocyanates [44]. 

The data obtained from thermal analyses of the telechelics after UV irradiation are 

summarised in Table 4.4. 

 
Table 4.4 – Thermal properties of the cured film through radical (SA and HEMA) and cationic 

(TMPO) cross-linking. Each sample was analysed in duplicates to ensure reproducibility. 

Film 
Tg

 

(°C)a 

Tm
 

(°C)a 

!Hf 

(J g-1)a 

 Solubility 

(Y/N)b 

PHAz-SA3 -39.6 ± 0.4 30.6 ± 0.1 41.8 ± 0.6  N 

PHAz-SA6 -34.2 ± 0.7 42.4 ± 0.1 62.4 ± 1.1  N 

PHAz-TMPO3 -29.3 ± 1.8 36.1 ± 0.1 58.6 ± 0.9  N 

PHAz-TMPO6 -22.7 ± 1.2 41.1 ± 0.2 69.0 ± 0.6  N 

PHAz-HEMA3 -51.4 ± 0.3 20.2  ±0.6 28.1 ± 2.1  N 

PHAz-HEMA6 -41.6 ± 0.6 33.1 ± 0.1 42.8 ± 0.5  N 
aSecond heating scan (10 °C min-1); bUpon stirring in toluene and 

CHCl3 (20 mg mL-1, 300 rpm, RT) for 24 hours: the 

presence/absence of swollen lumps was optically inspected.  
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The first observation is that after curing all the telechelics become insoluble in 

organic solvents (toluene and chloroform), even after stirring 24 hours. Clear 

solutions were never obtained. This confirms the formation of a cross-linked 

insoluble network. 

In addition, a Tg could be now identified for all the polymers. In the uncured state 

this transition was below -60 °C and could not be detected due to equipment 

limitations (this temperature range is where the machine stops to invert the 

temperature ramp, and this process gives a change in the heat flow that hides any 

weak transitions occurring at this range of temperature). On the contrary, after cross-

linking the Tg is shifted towards higher temperatures (because of the motion 

restriction imposed by the cross-links) and the amorphous fraction increases. Hence, 

the Tg could be more easily detected by DSC. 

Then, as expected, for the polymers functionalised with SA and HEMA the Tm and 

!Hf decreased significantly upon cross-linking (see also Table 4.2). In more detail, 

the crystallinity decreased by 36% for PHAz-SA3 and 30% for PHAz-SA6; whilst 

the decrease in crystallinity was 42% for PHAz-HEMA3 and 35% for PHAz-

HEMA6. 

On the other hand, a slight increase in the Tm and !Hf for the TMPO end-capped 

polymers was detected. This increase was around 15% for PHAz-TMPO3 and 2% 

for PHAz-TMPO6. Albeit small and maybe surprising at first glance, this effect 

(which was reproducible) might be explained in terms of formation of a linear 

polyether structure through cationic ring-opening of the oxetane end-groups, as 

observed through FTIR (previous section). It is known that the C-O-C linkage is 

more flexible compared to the C-C bond (rotation around the C-O bond does not 

bring H atoms into conflict with each other) [91, 92]. Hence, it can be postulated that 

this type of cross-linking is more flexible than the previous ones and, hence, it might 

preserve the ability of the polyester chains to pack effectively. Further investigations 

are undoubtedly needed to confirm and understand this fully. 

In summary, these initial thermal analyses have confirmed the ability of the polymer 

chains to cross-link successfully affording cured networks with decreased 

crystallinity and chain mobility in the case of the SA and HEMA-functional 

telechelics. Additional studies are however needed to further confirm the hypothesis 

postulated for the cross-linking of the TMPO-functional polymers and to elaborate 

on details the formation cross-linked networks for each of the telechelics. 
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4.4 Conclusions 

 

 

This chapter demonstrates a low temperature approach using scCO2 that allows facile 

utilisation of Novozym 435 as a catalyst to synthesise different telechelics. 

Renewable monomers (azelaic acid and 1,6-hexanediol) were used as building 

blocks of the backbone and the reactions were carried out without pre-modification 

of the diacid in a solvent-free system. 

The molecular weight of the polymers could be targeted efficiently by changing the 

feed ratio of the monomers and by end-capping the chains with functional molecules, 

namely: sorbic alcohol, 12-hydroxy stearic acid, 2-hydroxyethyl methacrylate and 

trimethylolpropane oxetane. The addition of these functional end-cappers afforded 

the preparation of telechelics, which could undergo further reaction (e.g. cross-

linking or chain extension). 

These polymerisations would have not been possible through conventional routes 

because of the high temperatures required to melt the monomer, which are simply 

not appropriate for lipase-catalysed syntheses of telechelics. Furthermore, suitable 

solvents for this polycondensation are not available because of the insolubility of the 

two monomers in apolar solvents. 

By use of CO2 and the enzyme we achieved remarkably high yields and monomer 

conversion at 35 °C. The combined use of CaLB and scCO2 (and consequent mild 

temperature) also avoided competing side reactions involving the end-group 

functionalities. 

The chemical structures have been confirmed by 1H-NMR, 13C-NMR and MALDI-

TOF analyses, showing that all the products were successfully functionalised in a 

one pot-reaction and that no side-reactions involved the functional end-capper 

moieties, which were preserved. 

For comparison, the same reactions were conducted in the melt without CO2 and 

these resulted not only in much lower yields (likely due to undesired cross-linking 

reactions involving the end-groups), but also in a reduction in the activity of the 

enzyme which could not then be efficiently recycled. 

By contrast, enzyme-recycling tests demonstrated that the lipase activity is not 

compromised during the high-pressure reactions and that the immobilised enzyme 

can be re-used without loss of activity for up to 5 cycles (and possibly even more). 
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Hence, this novel low-temperature route is certainly more commercially viable and 

sustainable. 

The synthesised telechelics are valuable and can be exploited for further 

modification, such as cross-linking or chain extension processes, as shown by 

preliminary FTIR and DSC investigations. Therefore, we demonstrate that by 

exploiting the unique properties of scCO2 it is possible to synthesise useful 

renewable materials without the need for high temperatures, large amounts of 

conventional solvents or pre-modification of the monomers. This route could be 

especially valuable for applications involving the incorporation of thermally labile 

functional groups and/or molecules (e.g. proteins, drugs etc.). 

From a green perspective, the major drawback to the approach is the need to use an 

organic solvent (e.g. toluene), albeit in small amount, to separate the polymers from 

the enzyme beads. In principle this could be overcome by use of scCO2 as a 

plasticiser, to effectively liquefy the polymer and accomplish the separation, as 

shown previously by our group [40]. 

This process could therefore lead towards a fully green, solvent-free, low-

temperature route for the synthesis of renewable functional polyesters in scCO2. 

Finally, it is interesting to note that the most significant energy expenditure in a 

large-scale polymerisation is for the heating, rather than for the compression costs 

needed for pressurisation (studies are being carried out in our group to prove this). 

Hence, dropping the typical working temperature from around 180-200 °C to 35 °C 

has a dramatic effect, and such high-pressure process would be more energetically 

sustainable than a conventional melt synthesis. 
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5 Towards sustainable polymeric nano-carriers and surfactants: 

facile low temperature enzymatic synthesis of bio-based 

amphiphilic copolymers in scCO2 

 

 

In the last two decades, the research trends in the field of amphiphilic block 

copolymers have been shifted towards the use of renewable monomers, but only a 

few alternatives have so far been reported [1-3].  

The author postulated that the low temperature enzymatic approach described in 

Chapter 4 could provide an innovative methodology for the production of 

valuable bio-based amphiphilic copolymers. 

Therefore, this chapter demonstrates the preparation of renewable amphiphilic 

ABA copolymers composed of a semicrystalline hydrophobic segment based on 

azelaic acid and 1,6-hexanediol. 

Azelaic acid and 1,6-hexanediol will be enzymatically polymerised to prepare 

polyester chains with targeted molecular weight and end-capped with methoxy 

poly(ethylene glycol) (MPEG) in a one-pot high pressure reaction.  

The block copolymers will be characterised by 1H-NMR, GPC and DSC in order 

to carefully assess their structural and thermal properties. 

The self-assembly of these polymers in aqueous environment will be investigated 

through DLS, TEM and UV-Vis studies. Incorporation of highly hydrophobic 

Coumarin-6 will be used as a model to prove dispersion in water of lipophilic 

molecules. 

In addition, maximum bubble pressure tests will be used to probe the reduction in 

surface tension of these polymers and comparisons will be made directly to 

commercial polymeric non-ionic surfactants.  

 

The results presented in this chapter are summarised in the paper: 

 

S. Curia and S.M. Howdle, “Towards sustainable polymeric nano-carriers and 

surfactants: facile low temperature enzymatic synthesis of bio-based amphiphilic 

copolymers in scCO2”, Polymer Chemistry (7), 2016, 2130-2142 
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5.1 Introduction 

 

 

5.1.1 Amphiphilic block copolymers: an overview 

 

 

The large-scale production of amphiphilic block copolymers began in the 1950s, 

and these interesting macromolecules continue to attract considerable attention [3-

7]. Amphiphilic block copolymers can self-assemble into different nanostructures 

in aqueous environment; e.g. micelles, wormlike micelles (also called 

cylindrical/rod-like micelles) and vesicles (known as polymersomes) [8]. The 

self-assembly of amphiphilic block copolymers in aqueous environment is based 

on hydrophobic interactions between the lipophilic segments of the polymer 

chains. This ensures minimal contact of the hydrophobic molecules with the polar 

medium [5]. 

Several parameters have an influence on the morphology and size of the structure 

formed upon aggregation. For instance, the mass (or volume) fraction of the 

hydrophilic block, the interaction parameter of the hydrophobic block with water 

and its degree of crystallinity are known to be critical parameters that can drive 

the self-assembly towards a particular structure and determine its size [5, 8-10]. 

Typically, the morphology of the aggregates can be predicted from the packing 

parameter p, Equation (5.1): 

 

p = v
a! L

  (5.1) 

 

Where v is the hydrophobic volume, a is the cross-sectional area of the 

hydrophilic group and L is the length of the hydrophobic segment. In general, 

spherical micelles are observed for p!1/3, cylindrical micelles for p!1/2 and 

vesicles for p!1. 

Polymeric nanoparticles can find application as drug encapsulation and delivery 

systems and also in formulations as wetting agents, compatibilisers, emulsifiers 

and detergents [3-6, 8, 11-18]. For example, polymeric micelles are characterised 
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by a core-shell structure and have emerged as potential carriers for highly 

hydrophobic molecules because these can be encapsulated in the lipophilic core of 

the micelles (Figure 5.1) [4, 6, 16]. 

 

 
Figure 5.1 – Schematic of formation and drug loading of polymeric micelles by self-assembly 

of the chains in water [15]. 

 

Di-block, multi-block and graft amphiphilic copolymers are capable of forming 

micelles (Figure 5.2).  

 

 
Figure 5.2 – Formation of micelles from di-block, multi-block and graft copolymers [19]. 

 

Polymeric vesicles (or polymersomes) are hollow spherical aggregates that 

contain an aqueous environment in the core surrounded by a bi-layer membrane 
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(Figure 5.3). The core of the polymersome can be utilised to encapsulate 

hydrophilic molecules, whilst the membrane can contain lipophilic molecules 

within its inner part [8]. 

 

 
Figure 5.3 – Schematic depiction of a 3D cross-section of a polymersome bi-layer membrane 

based on a diblock copolymer. The hydrophilic portions (blue) form the internal and 

external part of the membrane; the lipophilic segment (red) constitutes the internal part of 

the membrane [8].  

 

The hydrophilic segment of amphiphilic copolymers is responsible for 

stabilisation of the self-assembled nanostructures in aqueous environments and is 

normally made of poly(ethylene glycol) (PEG) [2-4, 7, 15], which has many 

advantages, such as high hydrophilicity, flexibility and biocompatibility [2]. 

In addition to this, recently the production of bio-based PEGs (or bio-PEGs) with 

varied molecular weights has been reported by Acme-Hardesty Co. (a US-based 

renewable chemicals distributor) [20, 21]. These PEGs are certified with the 

“United States Department of Agriculture (USDA) Biobased Product” label and 

are derived from sugarcane waste (i.e. bagasse). Thus, PEG can now be 

considered not only a safe and biocompatible material, but also a potentially green 

and sustainable choice. Furthermore, PEGs with molecular weight lower than 

4000 g mol-1 were found to be biodegraded by many bacteria, so they do not 

accumulate in the environment [22]. 

The hydrophobic core of polymeric micelles is made of lipophilic polymers, such 

as poly(propylene glycol) (PPG). Multiblock ABA copolymers containing PPG 

and PEG (commercially known as Pluronic®, Figure 5.4) can spontaneously 
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organise into micelles and, hence, have been widely investigated for medical 

applications [6]. 

 

 
Figure 5.4 – Generic structure of a Pluronic: the central block (PPG) is lipophilic whilst the 

lateral ones (PEG) are hydrophilic. 

 

Nonetheless, Pluronics display slow biodegradability under physiological 

conditions and they can accumulate in the body [23]. For this reason, an important 

prerequisite for a non-degradable or poorly degradable polymer, to be used as a 

drug carrier, is a molecular weight sufficiently low to allow for excretion via the 

renal route [24]. In more detail, all molecules with molecular weight greater than 

10 kg mol-1 experience more and more restriction to renal filtration [25]; whereas, 

PEGs with molecular weight lower than 1 kg mol-1 are rapidly removed from the 

body [26]. However, Pluronics with a small PPG block are generally characterised 

by a fairly high (0.01-10% wt) critical aggregation concentration (CAC) due to 

the weak hydrophobicity of the PPG block: this means that the nanostructures are 

highly unstable and the micelles are likely to dissociate upon dilution (i.e. after 

injection in the body) [4, 23]. On the contrary, a low CAC ensures that the 

aggregated structure is retained in the bloodstream. 

For these reasons, biodegradable polyesters such as poly(lactic acid) (PLA), 

poly(lactic-co-glycolic acid) (PLGA), and poly(caprolactone) (PCL) have been 

investigated extensively as hydrophobic segments in combination with PEG for 

the preparation of amphiphilic polymers that can be more easily eliminated from 

the body. These materials also show a higher CAC, as a result of the increased 

hydrophobicity of PLA and PCL compared to that of PPG [2, 7, 11, 14, 23]. 

Moreover, the incorporation of a hydrolytically degradable block in the structure 

automatically ensures a faster elimination from the body upon degradation of the 

polyester segment [23]. 
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However, the synthesis of these polymers is typically carried out using high 

temperatures (normally ~80 °C for MPEG-PCL and "110 °C for MPEG-PLA 

copolymers) [2, 11], tin-based catalysts, and isocyanates as coupling molecules if 

a multi-block structure is desired (Figure 5.5) [1, 7, 13, 27]. All these factors are 

clearly far from being safe and ideal from a green chemistry point of view. 

 

 
Figure 5.5 – Synthetic scheme showing a typical process employed for the synthesis of PEG-

PCL-PEG copolymers [11]. Tin octanoate is normally used as a catalyst at a temperature of 

80 °C (or higher) and hexamethylene diisocyanate is used as a coupling molecule. Hence, 

several factors of this kind of processes do not match with the commonly accepted green 

chemistry criteria. 

 

To sum up, the ideal amphiphilic copolymer, to satisfy societal need for drug 

delivery and medical applications through to detergents and surfactants for home 

and personal care, must meet specific fundamental requirements. In particular, 

low toxicity, biodegradability and biocompatibility, whilst also having the desired 

amphiphilic characteristics and an appropriate CAC. 

Accordingly, there has been an increasing focus on the use of renewable raw 

materials for the production of amphiphilic copolymers [2, 3, 28, 29]. This arises 

not only from future supply constraints for fossil-base resources, but also as a 

response to a strong market and customer demand to increase the overall 

sustainability of materials and processes and to lower the carbon footprint [3]. 

Naturally occurring and bio-derived molecules are fundamental resources that can 

be employed to achieve a more sustainable plastic industry and lead to polymers 

that are intrinsically biodegradable (e.g. polyesters) [30-32], which is a strong 

added value for medical materials. 
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Therefore, it is clear that the design of new sustainable synthetic routes, which can 

lead to the preparation of useful bio-based amphiphilic copolymers, could be an 

important step forward in modern polymer science. 

 

5.1.1.1 Polymeric nanoparticles preparation 

 

Depending on the properties of the block copolymer to be used, different 

procedures can be used to prepare empty and drug-loaded polymeric particles. 

Several papers and books describe these methodologies in-depth [5, 6, 15, 18, 33, 

34], hence the present section will briefly outline the essential concepts and some 

more practical details. 

Two different approaches can be identified: 

 

a) Direct dissolution: this process involves the dissolution of the polymer 

(along with the drug when needed) in water and subsequent stirring for an 

appropriate amount of time. This methodology is normally used for highly 

hydrophilic copolymers, such as Pluronics with a fairly short PPG block 

[5]. A thermal treatment might be required to aid the self-assembly and 

help the initial dissolution. 

 

b) Dissolution in a water-miscible organic solvent: this approach is more 

common and is normally used for all those amphiphilic copolymers that 

are not directly soluble in water. A water-miscible organic solvent (i.e. 

THF, acetone, DMF, DMSO etc.) is used to solubilise the polymer and the 

drug. Then, this solution can be either dialysed against water (dialysis) or 

dropped slowly into water whilst stirring (nano-precipitation). Complete 

solvent removal is ensured by several dialysis cycles (in the former case) 

or by gentle heating and application of reduced pressure (in the latter case) 

[5, 7]. 

 

Other methodologies can be employed (e.g. melting/sonication etc.) and can be 

more appropriate depending on the final application and the chemico-physical 

properties of the copolymer/drug system. In-depth description of these 
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methodologies is beyond the scope of this thesis and more detailed information 

can be found in the specific literature of the field [4, 14, 35]. 

 

5.1.1.2 Critical Aggregation concentration (CAC)  

 

As aforementioned, the CAC - also known as Critical Micellar Concentration 

(CMC), if only micelles form upon aggregation - is an important characteristic of 

a surfactant. 

For simplicity, the formation of micelles and the CMC will be described in more 

detail, but an equivalent description applies for the CAC and the formation of 

different aggregates, such as vesicles. 

Below the CMC the surfactant molecules are first partitioned at the liquid-air 

interface and then, at higher concentration (when the surface is saturated and still 

below the CMC), some of them will be individually dispersed in the liquid phase. 

Eventually, upon reaching the CMC, the surfactants will aggregate in micelles and 

any further addition will result in an increased number of micelles (Figure 5.6). 

 
Figure 5.6 – Schematic illustration of micelle formation with increasing concentration. The 

formation of micelles does not exclude the presence of individual surfactants in solution. 

Note that this is just a depiction: micelles are dynamic species so they do not have a rigid 

structure with defined shape, although an average micellar shape can be defined and 

determined. 
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The CMC of classic low molecular weight surfactants is typically quite high 

(normally in the range from 10-3 to 10-4 M) and, hence, it can be determined easily 

by light scattering. In principle this technique is also applicable to block 

copolymers, however the much lower CAC/CMC of polymeric non-ionic 

surfactants (generally around 10-5 - 10-6 M) makes the application of light 

scattering more challenging and complicated (i.e. the CAC often falls below the 

sensitivity of the instruments) [6, 15]. 

For this reason, a preferred method involves the use of hydrophobic light 

emitting/absorbing probes that can be partitioned into the hydrophobic portions of 

the aggregated structures and change their optical properties depending on the 

environment [1, 4]. Examples are molecules like pyrene and 1,6-diphenyl-1,3,5-

hexatriene (DPH) that are almost non-absorbing in water, but exhibit a strong 

emission/absorption when the self-assembled structures form, since they are 

partitioned in the hydrophobic regions [36]. The chemical structure of DPH is 

shown (Figure 5.7). 

 

 
Figure 5.7 – Chemical structure of 1,6-diphenyl-1,3,5-hexatriene (DPH). This molecule is 

practically non-fluorescent/absorbing in water, whilst it shows a strong emission/absorption 

when intercalated into bi-layer membranes of vesicles or encapsulated in the hydrophobic 

core of micelles [36]. 

 

Fluorescence spectroscopy or ultraviolet-visible (UV-Vis) spectroscopy can be 

used to detect the abrupt increase in emission/absorption when increasing the 

polymer concentration at a fixed dye loading (normally extremely low, typically 

in the range of 10-7 - 10-6 M) and, hence, determine the CAC by extrapolation of 

the intensities at high and low polymer concentrations (Figure 5.8) [1, 6]. 
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Figure 5.8 – Determination of CAC for a PEG-polyester-PEG copolymer by extrapolation 

method. The absorption of DPH was recorded when changing the polymer concentration at 

a fixed dye loading [1]. 

 

5.1.1.3 Characteristic size 

 

The diameter of spherical polymeric micelles ranges from a few nm (2-3) up to 

200 nm, and their small size is undoubtedly one of the most interesting features 

[6, 28, 33]. Not only does this afford high efficiency of penetration and diffusivity 

in the capillaries, but also it permits elimination of microorganisms by simple 

filtration of the formulation [4]. In fact, a micro-filter with pore size of 0.22 #m 

will effectively remove microorganisms (e.g. bacteria and fungi) [37], which 

typically have size ranging from 0.3 #m to few #m. 

In general, micellar size depends on several factors, including polymer molecular 

weight, proportion of hydrophilic to hydrophobic chains, hydrophobicity of the 

apolar block, crystallinity etc. [4, 5, 38]. For instance, for a hydrophobic ratio 

(Mn
hydrophobic⁄Mn

hydrophilic) higher than 1, micelles with an amorphous hydrophobic 

core are generally characterised by a larger diameter (Figure 5.9). This was 

explained in terms of packing into tight crystalline regions in the case of semi-

crystalline cores, which resulted in a smaller size [38]. Furthermore, the 

preparation methodology and the organic solvent used to dissolve the polymer can 

affect the micellar dimension as well [4].  
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Figure 5.9 – Trends in micelles size observed for copolymers with a semi-crystalline core 

(filled circles) and amorphous core (empty circles) vs hydrophobic ratio. The size of the 

hydrophilic block was held constant and the hydrophobic one was varied. Graph adapted 

from reference [38]. 

 

On the contrary, polymersomes are typically much bigger aggregates. Depending 

on the characteristics of the copolymer and the technique employed for their 

preparation, the diameter of polymeric vesicles can range from 50 nm up to 

around 10-50 #m [8, 39]. 

Several methodologies can be employed to determine the size of polymeric 

nanoparticles with dynamic light scattering (DLS), atomic force microscopy 

(AFM) and transmission electron microscopy (TEM) the most widely used 

techniques for the analysis of particles with small diameters. Polymersomes with 

a diameter larger than 1 #m are also suitable for optical microscopy investigations 

[8]. 

However, it is important to emphasise how the use of only one technique does not 

give a thorough description of the real nature of the sample. In fact, light 

scattering gives information on the distribution of hydrated micelle but the 

intensity signal collected by the instrument is intrinsically dependent on size 

(although, mathematical data processing can be used to obtain volume and 

number distributions with the hypothesis of perfectly spherical particles); on the 

other hand, electron microscopies give a direct insight on aggregation, shape and 

size of single dry micelles, but these are not bulk techniques. Therefore, a 
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combination of scattering and microscopy must be used in order to obtain a 

detailed picture of the sample. 

 

 

5.1.2 Low temperature enzymatic synthesis of bio-based amphiphilic 

copolymers: aims of the study 

 

 

The previous chapter focussed on the utilisation of scCO2 to prepare a range of 

green functional materials with targeted degree of polymerisation (DP) through 

enzymatic syntheses at near-room-temperature conditions and without pre-

modification of the monomers (see Chapter 4 and reference [40]). 

Here the aim is to extend this approach to the synthesis of novel green 

amphiphilic copolymers based on azelaic acid, 1,6-hexanediol and PEG in scCO2.  

As previously said, azelaic acid is a bio-based dicarboxylic acid with antibacterial 

and anti-inflammatory properties [41-45]. In addition, its high hydrophobicity and 

the crystallinity of the polyester chains obtained by copolymerising this diacid 

with 1,6-hexanediol could impart interesting properties for the preparation of 

amphiphilic copolymers for medical purposes and other applications. 

Therefore, here we will focus on determining if the novel approach described in 

Chapter 4 can be used to obtain amphiphilic copolymers through low temperature 

enzymatic polycondensations, targeting the molecular weight of the chains by 

using end-cappers of methoxy poly(ethylene glycol) (MPEG) with two different 

molecular weight (350 and 550 g mol-1 respectively). 

Amphiphilic copolymers will be prepared directly from the diacid/diol and 

characterised through 1H and 13C-NMR and differential scanning calorimetry 

(DSC) to assess the structural and thermal properties. Their self-assembly in water 

will be investigated through dynamic light scattering (DLS), transmission electron 

microscopy (TEM) and ultraviolet-visible spectroscopy (UV-Vis) to assess if the 

polymers can form useful nanostructured aggregates. Finally, maximum bubble 

pressure tests will be performed to examine the reduction in surface tension of 

these novel copolymers. 
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5.2 Experimental 

 

 

5.2.1 Materials 

 

 

Azelaic acid (98%) was purchased from Alfa Aesar (UK) and dried for 24 h under 

vacuum (100 mbar) at 50 °C before use; 1,6-hexanediol (97%) was purchased 

from Sigma Aldrich (UK) and dried at room temperature (RT) for 24 h under 

vacuum (100 mbar) before use. MPEG550 (Mn~550 g mol-1) and MPEG350 

(Mn~350 g mol-1) were purchased from Sigma Aldrich (UK) and stored over fresh 

molecular sieves (4Å, particle size 1.6-2.5 mm) at RT. Tween® 20 (PEG sorbitan 

monolaurate, Mn~1200 g mol-1) and Pluronic® L-121 (PEG-b-PPG-b-PEG, 

Mn~4500 g mol-1) were used as received. Coumarin-6 (98%) and 1,6-diphenyl-

1,3,5-hexatriene (98%) were purchased from Sigma Aldrich (UK) stored in the 

dark at RT and used as received. Novozym 435 (Candida antarctica Lipase B 

(CaLB) immobilised on cross-linked acrylic resin beads) was kindly donated by 

Novozymes (Denmark) stored at 4 °C and dried for 24 h under vacuum (100 

mbar) at RT before use. All the solvents were of analytical grade, or 

Chromasolv® were specified, purchased from Sigma Aldrich (UK) and used as 

received. Millipore water (18.2 M$.cm, <5 ppb TOC) dispensed through a 0.22 

#m filter was used for the preparation of all the polymer dispersions in water. 

Supercritical Fluid Chromatography (SFC) grade 4.0 CO2 (minimum purity 

99.99%) was purchased from BOC Special Gases (UK) and used as received. 

 

 

5.2.2 Methods 

 

5.2.2.1 Enzymatic synthesis MPEG-b-PHAz-b-MPEG 

 

In a typical procedure the diacid (3.40 mmol), diol (DP6: 2.91 mmol; DP3: 2.55 

mmol) and MPEG550 or MPEG350 (DP6: 0.97 mmol; DP3: 1.70 mmol) were 
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added to the stainless steel reaction autoclave (20 mL) [46, 47], along with 

enzyme and fresh molecular sieves (3 Å, particle size 1.6-2.5 nm) (10% by weight 

of enzyme beads and 25% of molecular sieves relative to the total amount of 

monomers and MPEG). An excess of diacid was used to ensure the synthesis of 

diacid terminated PHAz blocks (since the MPEG chains can react only with the 

carboxylic acid moieties). 

The vessel was sealed and pressurised up to 50 bar. The temperature was then 

raised to 35 °C, the pressure stabilised at 275 bar and the reaction left to run for 

24 h while stirring at 100 rpm. To avoid polymer foaming and consequent tubing 

blockages [48], the reactions were stopped by cooling the vessel in a water/ice 

bath (0 °C) and the CO2 was vented when the pressure went below 20 bar. Finally, 

the product was dissolved in 6 mL of toluene (gently heating at 40 °C to melt any 

residual unreacted 1,6-hexanediol and, thus, retain information on conversion) 

and filtered to remove the enzyme and sieves. Filtered solutions were dried at 40 

°C under reduced pressure leaving white solid-waxy polymeric products. Product 

yield was calculated by dividing the dry product mass by the theoretical mass (1H-

NMR analyses showed that the amount of unreacted species was negligible) [49-

51]. 

 

 

The nomenclature used in this chapter is detailed in Table 5.1. 

 
Table 5.1 - Nomenclature and letter scheme of the ABA copolymers presented in this study. 

The variables are the length of the MPEG block used for end-capping and the targeted 

molecular weight of the PHAz synthesised during the enzymatic polymerisation. 

 
Structure 

Mn
MPEG 

(g mol-1)a 

Mn
PHAz 

(g mol-1)b 

 

(a) MPEG12-PHAz3-MPEG12 550 967  

(b) MPEG12-PHAz6-MPEG12 550 1778  

(c) MPEG7-PHAz3-MPEG7 350 967  

(d) MPEG7-PHAz6-MPEG7 350 1778  
aDeclared by supplier; bTheoretical targeted Mn. 

The reaction scheme is shown (Figure 5.10). 
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Figure 5.10 - Lipase-catalysed synthesis from azelaic acid, 1,6-hexandiol and MPEG to 

MPEG-b-PHAz-b-MPEG in scCO2. An excess of azelaic acid was used in order to obtain an 

ABA-type block copolymer (azelaic acid used as a linker). 

 

5.2.2.2 1H and 13C-NMR analysis 

 

NMR analyses were conducted on a Bruker Avance III 500 spectrometer in 

CDCl3 or D2O (20 mg mL-1). The number of scans was 16 for 1H (500 MHz) and 

4096 for 13C (125 MHz). The chemical shifts were reported in parts per million 

(ppm) with respect to residual solvent peaks (7.26 ppm for 1H and 77.36 ppm for 
13C in CDCl3, 4.80 ppm for 1H in D2O) [52]. Extent of functionalisation and chain 

length were analysed through end-group analysis.  

For increased clarity, the 1H-NMR and the structure (with labels) for polymer (b) 

MPEG12-PHAz6-MPEG12 are displayed (Figure 5.11). 
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Figure 5.11 - 1H-NMR and the structure with labels for polymer (b) MPEG12-PHAz6-

MPEG12. The value of the integrals are normalised to that of the peak (a) at 3.38 ppm 

(terminal methoxy group); hence, the peaks at (g) 4.05, (d) 2.28, (e) 1.63 and (f+h) 1.38-1.32 

ppm (PHAz backbone) can be used to estimate the average molar mass of the polymer. 

 

The average molecular weight (Mn
NMR) was calculated from the integrals assigned 

to the PHAz backbone (normalised to those of the methyl group of the MPEG 

end-capper) using Equation (5.2): 

 

Mn
NMR =

I f +h ! 6
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+
Ie ! 4
8

+
Id ! 4
4

+
Ig
4

"

#
$

%

&
'

4
(270.4+154.2+ 2(Mn

MPEG )   (5.2) 

 

Where the values Ix are the integrals of the peaks with the relative label (x = d, e, 

f+h, g), Mn
MPEG is the value of the molar mass of the MPEG used as an end-

capper. The values subtracted to If+h, Ie, Id, and Ig take in account the azelaic acid 

unit used as a linker (to react with the MPEG), which is not part of the repeating 

unit. The contribution of this segment to the final molecular weight is taken in 

account by the figure 154.2 in Equation (5.2). 

The fraction of di-functional polymer (ABA structure) was calculated from 

Equation (5.3): 

 

ABA(%) = Ic 4
Ia 6

!100   (5.3) 
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Where Ic is the integral of the peak attributed to the -CH2-O- of MPEG linked to 

the PHAz backbone and Ia is the integral of the terminal -O-CH3 group of MPEG 

(which does not shift when the MPEG block is linked to the chain or free). The 

integrals (Ic and Ia) have been normalised to the number of protons present in each 

group (2%2 and 2%3). 

As explained later in the discussion, exact conversions could not be determined 

explicitly due to peak overlap but could be estimated for each polymer from the 

value expected for the peak (b) of the MPEG backbone (3.64 ppm, see Figure 

5.11). 

 

5.2.2.3 Gel permeation chromatography (GPC) 

 

The molecular weight distributions of the samples were analysed using a Polymer 

Laboratories GPC 50 with a refractive index detector and calibrated with 

poly(styrene) standards in the range of 100 g mol-1 – 500 kg mol-1. The machine 

was equipped with a PL PLgel guard (8 #m) column followed by two PLgel 

Mixed-D (8 µm) columns. 

The samples were run in CHCl3 Chromasolv® (5 mg mL-1) at a flow rate of 1 mL 

min-1. Cirrus software was used for analysis. 

 

5.2.2.4 Differential scanning calorimetry (DSC) 

 

DSC analyses were performed using a TA Instruments (USA) TA-Q2000 DSC 

calibrated with sapphire and indium standards. In a standard experiment, the 

sample (2.00 ± 0.10 mg) was melted with a first heating scan up to 100 °C (10 °C 

min-1) and cooled down to -90 °C (10 °C min-1). A second heating scan up to 100 

°C, with the same heating rate, was then carried out to detect the melting point. 

Isothermal 5-minute segments were performed at the conclusion of each ramp. 

The experiments were carried out under a N2 flow (50 mL min-1). 

The Tm was taken as the maximum of the endothermic peak. Each experiment was 

repeated three times (on three different portions of the sample) and the results are 

shown as the average ± 1 standard deviation. 
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5.2.2.5 Preparation of polymer nanoparticles 

 

The polymeric nanostructures were prepared through nano-precipitation from 

THF Chromasolv®. The appropriate amount of polymer was dissolved in THF (1 

mL) and this solution was added dropwise (100 #L, 30 seconds) to water (4 mL) 

whilst stirring at 1500 rpm. The THF was left to evaporate for 1 hour whilst 

stirring at ambient pressure, and then under reduced pressure (75 mbar) for 30 

minutes at room temperature. 

 

5.2.2.6 Dynamic light scattering (DLS) 

 

DLS analyses were performed using a Malvern Zetasizer Nano ZS system in 

order to determine the hydrodynamic diameter of the polymeric particles in water. 

Polystyrene disposable cuvettes were used and the samples were not filtered to 

retain information on the possible presence of microscopic aggregates. The 

analyses were performed at 25 °C on a 1 mL sample collecting the scattered light 

at 173°. Typically, three separate experiments of 10-15 runs (chosen by the 

instrument depending on the optical quality of the dispersions) were performed 

for each sample to check upon data significance and reliability. 

For the size-temperature study, 5 minutes were allowed after each temperature 

step in order for the sample to reach thermal equilibrium before collection of the 

data. 

 

5.2.2.7 Transmission electron microscopy (TEM) 

 

TEM analyses were carried out to obtain a visual observation of the 

nanostructures on a JEOL 2000-FX microscope. Typically, 30 #L of the polymer 

dispersions (0.10% in water) was dropped on holey carbon coated TEM grids 

(EMResolutions, UK). After drying of the water, 15 #L of 1% by weight aqueous 

uranyl acetate (UA) solution were added to each grid and dried with filter paper 

after 1 minute to obtain negative background staining. Before addition, the UA 
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solution was passed through a 0.22 #m filter to remove any UA acetate crystals 

from the solution. 

 

5.2.2.8 Coumarin-6 (C6) incorporation 

 

The incorporation of Coumarin-6 (C6, Figure 5.12) has been studied to test the 

ability of the polymers to act as nano-carriers for the encapsulation and 

stabilisation of hydrophobic molecules in water. To ensure the presence of one 

phase in the polymer/C6 solution, dichloromethane (DCM) was used as a solvent 

for the nano-precipitation. A stock solution of C6 dissolved in DCM (2.5% w/v) 

was prepared and 50 #L of this solution was added to 500 #L of a DCM 2% w/v 

polymer solution. This final solution (550 #L) was added dropwise (110 #L, 30 

seconds) to 10 mL of water whilst stirring at 1500 rpm obtaining a final solution 

0.1% wt of polymer in water. The DCM was left to evaporate for 1 hour while 

stirring at ambient pressure, and then under reduced pressure (75 mbar) for 30 

minutes at room temperature. The dispersions were filtered through membrane 

syringe filter (0.22 #m, Millex.LG, Millipore Co., USA) to exclude larger 

aggregates and undissolved C6. Aliquots of the filtered formulations were used 

for UV-Vis analyses (at 25 °C) to quantify the amount of C6 dispersed by each 

polymer. 

 

N OO
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Figure 5.12 – Chemical structure of the dye Coumarin-6 (C6). 

 

5.2.2.9 UV-Vis quantification of C6 incorporation 

 

The ability of the synthesised polymers to act as systems to encapsulate C6 was 

determined through UV-Vis in THF using a Perkin Elmer Lambda 25 
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spectrometer with a matched pair of Hellma® 6030-UV quartz cuvettes 

(pathlength 10.00±0.05 mm). For a typical experiment, 0.3 mL of polymer 

dispersion in water with incorporated C6 (prepared as described previously) were 

added to 2.7 mL of THF. The absorption was recorded between 550 and 350 nm 

(480 nm min-1, slit width 1 nm, data interval 1 nm). 

The amount of dispersed C6 for each polymer sample was determined through 

comparison with the absorbance of standard solutions of C6 in 9:1 THF:water 

with known concentration considering the absorbance value at 452 nm. A 

calibration line was built (y=70.17x; R2>0.99) (Figure 5.13). 

Each UV-Vis experiment was run in duplicate to check upon reproducibility. 

 

 
Figure 5.13 – UV-Vis spectra of C6 standards (in 9:1 THF:water) (a), and calibration line 

built by plotting the absorbance at 452 nm vs concentration (b). 

 

5.2.2.10 Critical aggregation concentration (CAC) determination 

 

The CAC of the synthesised polymers was determined through UV-Vis in water 

using a Perkin Elmer Lambda 25 spectrometer with a matched pair of Hellma® 

6030-UV quartz cuvettes (pathlength 10.00 ± 0.05 mm) at 25 °C. Aqueous 

dispersions with different concentrations (typically from 0.1% to 0.0001% wt) 

were prepared for each polymer using the nano-precipitation methodology (from 

THF). A small aliquot of methanolic DPH (0.4 mM) was added to each polymer 

dispersion (10 #L of DPH 0.4 mM in 1 mL of polymer dispersion in water, final 

DPH concentration 0.004 mM) and equilibrated overnight on an orbital shaker 
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(400 rpm). The absorption spectra were recorded from 390 to 330 nm (480 nm 

min-1, slit width 1 nm, data interval 1 nm). Dispersions with the same polymer 

concentration, but without DPH, were used as reference for each measure. Each 

experiment was run in duplicate to check reproducibility. Because of the 

cloudiness of some of the polymer dispersions, 0.05% wt was the highest 

analysed concentration, due to the lower light intensity passing through both the 

reference and the sample (consistent background absorption). The CAC was 

determined by the two extrapolated lines of the absorbance at 362 nm at low and 

high concentration regions [1]. 

 

5.2.2.11 Maximum bubble pressure test 

 

The surface tension of the polymer dispersions in water (0.2% wt, 20 mL) was 

determined by using a SITA t100 Bubble Pressure tensiometer.  

The working principles of this industrial methodology are briefly outlined: in this 

test a capillary with known radius (rkap) is submerged into the liquid sample. Gas 

bubbles are produced and blown at a constant rate, whilst monitoring 

continuously the pressure inside the gas bubble. The maximum pressure value is 

reached when the bubble has its smallest radius (i.e. equal to that of the capillary) 

(Figure 5.14).  

 
Figure 5.14 – Schematic of the maximum bubble pressure test working principles [53]. 
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The surface tension & (N m-1) can be determined using Equation (5.4): 

 

! = k(pmax ! pmin )    (5.4) 

 

Where k (m) is a calibration factor (typically equal to the radius of the capillary 

divided by 2), and pmax and pmin (N m-2) are the maximum and minimum pressure 

values respectively.  

The MPEG-PHAz-MPEG copolymers were compared to two commercial 

surfactants (Tween 20 and Pluronic L121). A sample containing only water was 

analysed as a control. The tests were run at 20 °C. 
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5.3 Results 

 

 

5.3.1 Copolymers synthesis and structural characterisation 

 

 

Azelaic acid, 1,6-hexanediol and MPEG have been exploited in this chapter for 

green polyester synthesis using an enzyme (immobilised CaLB) and scCO2 at 

near-ambient temperature (35 °C). The polymers were prepared through a one-pot 

reaction by adding together the monomers and end-cappers, with enzyme 

supported on cross-linked acrylic beads into the reaction autoclave. Hence, the 

novel approach developed and described in Chapter 4 has been extended for the 

synthesis of a new range of bio-based amphiphatic copolymers. 

The reactions targeted specific molecular weights by carefully controlling 

monomer and end-capper (i.e. MPEG) feed ratios. 

Once the autoclave was vented, yellowish waxy products were collected. After 

separation of the enzyme/molecular sieves and drying, light yellow/white waxy 

polymers were obtained in very good yields (Table 5.2). 
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Table 5.2 - Molecular weight distribution (from NMR and GPC), isolated yield and conversion of the synthesised MPEG-PHAz-MPEG copolymers. 

Product 
Mn

th 

(g mol-1)a 

Mn
NMR 

(g mol-1)b 

Mn
GPC 

(g mol-1)c 

! 

 

ABA structure 

(%)d 

Yield 

(%)e 

(a) MPEG12-PHAz3-MPEG12 2084 2500 2200 2.04 98 87 

(b) MPEG12-PHAz6-MPEG12 2896 3000 3200 2.24 93 84 

(c) MPEG7-PHAz3-MPEG7 1644 1800 1700 2.08 85 82 

(d) MPEG7-PHAz6-MPEG7 2455 2700 2400 1.88 93 91 
aCalculated according to the reagents ratios; bDetermined through 1H-NMR from the ratio between 

the integrals of the peaks of the polymer backbone and the end-group peak using Equation (5.2); 
cIn CHCl3 against poly(styrene); dPercentage of polymer with ABA structure determined through 
1H-NMR analyses (peak at 4.22 ppm) using Equation (5.3); eYield= weight of collected 

product/theoretical weight!100. 
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Exact conversions could not be estimated from 1H-NMR, due to overlap of the 

peak assigned to the protons adjacent the alcohol group (3.65 ppm) in the 1,6-

hexandiol monomer and the -(CH2)2-O- peak of the MPEG backbone (3.64 ppm). 

However, from the value expected for the peak of the MPEG backbone (2!48.6 

for MPEG550 and 2!30 for MPEG350 from 1H-NMR analyses of the pure MPEG 

samples, see Appendix II Figure B.1 and Figure B.2), the conversion approached 

90% for all the polymers. In more detail, the minimum conversion was 87% for 

(a) MPEG12-PHAz3-MPEG12, 86% for (b) MPEG12-PHAz6-MPEG12, 86% for (c) 

MPEG7-PHAz3-MPEG7 and 91% for (d) MPEG7-PHAz6-MPEG7. 

 

As a general example, the 1H-NMR spectrum of (a) MPEG12-PHAz6- MPEG12 

(Figure 5.15) shows integrals of the peaks at 3.38 ppm (terminal methoxy group 

in each of the MPEG blocks) and at 4.05, 2.28, 1.63 and 1.38-1.32 ppm (PHAz 

backbone protons) and these were used to calculate the number average molecular 

weight (MnNMR) by using equation (1).  

 

 
Figure 5.15 - 1H-NMR of polymer (a) MPEG12-PHAz3-MPEG12. Integrals of the peak at 3.38 

ppm (terminal methoxy group) and 4.05, 2.28, 1.63 and 1.38-1.32 ppm (PHAz backbone) can 

be used to estimate the average molar mass of the polymer. The peak b (3.64 ppm) is 

assigned to the -CH2- in the MPEG backbone, while the peak b* (3.55 ppm) is assigned to the 

-CH2- protons directly attached to the terminal methoxy group (-O-CH3) [13]. 1H-NMR 

spectra for the other copolymers are available in the Appendix II. 
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The Mn
NMR calculated for all the copolymers show a very good agreement with 

expected molecular weights, thus indicating successful polymerisations that 

afforded the target structures (Table 5.2). Furthermore, the normalised ratio 

between the integrals of the peaks at 4.22 and 3.38 ppm indicates that 98% of the 

detected MPEG is attached to the PHAz backbone for this copolymer (see 

Equation (5.3)); similar results were obtained also for the other copolymers (see 

the respective 1H-NMR spectra in the Appendix II, Figure B.3 to Figure B.5). 

This shows a high yield of end-capping and thus an efficient polymerisation to 

form ABA block copolymers via an enzymatic low temperature approach. It is 

important to emphasise that only for practical reasons, dissolution in toluene was 

used to physically separate the enzyme beads from the product at the end of the 

reaction. However, it is possible to completely avoid the use of conventional 

solvents by exploiting the plasticising effects of CO2 to separate the enzyme beads 

from the polymer product [48]. Hence, a fully green solvent-free process can be 

potentially achieved by using scCO2 both as a reaction medium (during the 

synthesis) and as a plasticiser for the separation (at the end of the reaction). 

 

5.3.1.1 Thermal analyses 

 

The thermal properties of the MPEG-PHAz-MPEG copolymers were studied 

through differential scanning calorimetry (DSC). The amphiphilic copolymers 

were semicrystalline with low Tm (Figure 5.16). A low melting point is a desirable 

feature for the preparation of self-assembled structures through 

melting/sonication, which is a novel methodology that can be used to prepare 

polymeric nanoparticles avoiding the use of organic solvents. Using this 

technique, polymer nanoparticles are prepared by exploiting ultrasonic 

frequencies (>20 kHz) at a temperature above the Tm of the polymer. Briefly, the 

polymer is added to water at a temperature above its Tm, to allow for copolymer 

melting. Then, the mixture is sonicated with a ultrasonic probe to achieve self-

assembly of the polymer chains [35]. Hence, a low Tm is clearly a desirable 

feature. 

Two melting points could be identified for the copolymers (a) and (b), this might 

be due to separate crystallisation of the polyester segment and the MPEG blocks 
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that in this case were most likely long enough (MnMPEG~550 g mol-1) to crystallise 

[54, 55]. For example, a similar behaviour was observed also for PLA-b-PCL 

copolymers, which showed two separate endotherms attributed to the two 

different blocks when both of them were long enough to crystallise [56].  

The higher Tm – attributed to the PHAz segment – was the bigger and sharper 

peak for all the polymers and this peak was clearly bimodal for polymers (a), (b) 

and (c). Typically, multiple and multimodal endothermic peaks are observed due 

to the melting of crystallites with different stability and size or to crystal 

reorganisation, as reported for other semicrystalline polyesters elsewhere [57]. 

Furthermore, the Tm of the PHAz block in polymer (b) MPEG12-PHAz6-MPEG12 

is significantly suppressed compared to that of a PHAz homopolymer with DP 

equal to 6 (38.6 ± 0.4 °C and 46.5 ± 0.8 °C respectively) [58]. This might suggest 

a partial miscibility of the MPEG and PHAz blocks, which allows MPEG to act as 

a macromolecular diluent for PHAz, as observed elsewhere for PCL-b-PLA 

systems [56]. 

 

 
Figure 5.16 - DSC traces of the copolymers: (a) MPEG12-PHAz3-MPEG12, (b) MPEG12-

PHAz6-MPEG12, (c) MPEG7-PHAz3-MPEG7, (d) MPEG7-PHAz3-MPEG7. Copolymers (b) 

and (d) display a higher Tm value. The 2nd heating scans are shown. 
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The Tm and enthalpy of fusion (!Hm) values are summed up in Table 5.3 

 
Table 5.3 - Thermal properties of the ABA copolymers obtained from DSC analyses (2nd 

heating scan). The values are shown as the average between 3 different measurements ± 1 

standard deviation. 

Product 
Tm

a 

(°C) 

!Hm 

(kJ mol-1)b 

(a) MPEG12-PHAz3-MPEG12 32.9 ± 1.1 33.3 ± 0.9 

(b) MPEG12-PHAz6-MPEG12 38.6 ± 0.4 55.8 ± 0.6 

(c) MPEG7-PHAz3-MPEG7 30.7 ± 0.9 40.2 ± 0.3 

(d) MPEG7-PHAz6-MPEG7 39.4 ± 0.6 68.6 ± 0.4 
aMain Tm peak observed in the DSC trace. 

 

It is clear how a longer PHAz backbone (polymer (b) and (d)) results in a higher 

Tm and !Hm. This behaviour is attributed to larger crystallites that can be formed 

when longer polymer chains pack, and it has been observed for other polyesters at 

small molecular weight values [59]. The Tg could not be detected due to 

equipment limitations and high crystallinity of the copolymers, but it is expected 

to be around -60 °C as observed previously for similar polyesters [57]. 

 

 

5.3.2 Aqueous self-assembly studies 

 

 

5.3.2.1 NMR analyses 

 

Effective aggregation in water with structure where the lipophilic block has 

restricted motion, was confirmed by comparison of 13C-NMR spectra collected in 

D2O and CDCl3. Chloroform is a good solvent for the MPEG and PHAz blocks, 

while water is a good solvent only for PEG. For these reasons, in CDCl3 the peaks 

of the MPEG and PHAz moieties are clearly observed, whereas in D2O only the 

resonances attributed to PEG are detected (Figure 5.17). This implies that in 

CDCl3 there is fast molecular motion of each block, while in D2O the motion of 
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the PHAz segment is restricted and, consequently, its resonances are collapsed 

and broadened. The same observation has been made elsewhere for other similar 

systems containing PCL as a hydrophobic block [9, 12]. 

 

 
Figure 5.17 - 13C-NMR spectra of (b) MPEG12-PHAz6-MPEG12 in CDCl3 (top) and D2O 

(bottom) (20 mg mL-1). All the peaks are clearly detected in chloroform, whilst the PHAz 

resonances (red dotted rectangles) are strongly suppressed in heavy water. In particular, the 

carbonyl peak (around 174 ppm) is almost undetectable in D2O. This confirms the formation 

of aggregates with a rigid PHAz portion in aqueous environment. 

 

As expected, an equivalent effect was also observed in the 1H-NMR spectrum 

acquired in D2O (see Appendix II, Figure B.6). Here again, the peaks attributed to 

the protons of the PHAz block are small and significantly broadened, clearly 

demonstrating that an aggregated structure with an external MPEG shell and an 
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internal PHAz portion with restricted motion is formed in water (e.g. micelles, 

vesicles) [24]. 

 

5.3.2.2 Size investigations: DLS and TEM 

 

In order to use a copolymer as a drug delivery vehicle or as an effective micellar 

system, it is essential to investigate the nature of its self-assembly in aqueous 

environment and determine the characteristic size of the self-assembled structures. 

The nano-precipitation methodology has been previously shown as a successful 

and straightforward way to prepare empty and drug/dye loaded polymeric 

particles in a controlled manner [3, 5]. For this reason, we chose to use this 

method to prepare MPEG-PHAz-MPEG nanoparticles for DLS and TEM studies 

(since the polymers were not directly soluble in water).  

The desired amount of copolymer was first dissolved in a non-selective solvent 

(i.e. THF) and this solution was added dropwise to an excess of water while 

stirring. To allow for THF evaporation and copolymer self-assembly the 

dispersion was left to stir for 1 hour (Figure 5.18). Complete removal of the 

organic solvent was achieved by applying reduced pressure (75 mbar) at room 

temperature, obtaining a final dispersion with a concentration of 0.1% wt in water. 

 

 
Figure 5.18 – Schematic representation of the nano-precipitation process for the preparation 

of MPEG-b-PHAz-b-MPEG self-assembled nanoparticles: the copolymer is dissolved in THF 

and added dropwise to H2O whilst stirring at 1500 rpm. The dispersion is then left to stir for 

1 h to allow for THF evaporation. Complete removal of the solvent is achieved by subsequent 

application of reduced pressure (75 mbar) at room temperature. 
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The diameter and size distribution of the structures formed was determined by 

DLS (Figure 5.19 upper). The DLS data for polymers (a), (c) and (d) displayed 

the presence of structures that are clearly quite large and likely indicate formation 

of aggregated structures or vesicles rather than spherical micelles. 

To investigate this in more depth, TEM analyses (with negative background 

staining using uranyl acetate (UA)) were performed. The size determined through 

TEM analyses showed excellent agreement with the distribution by number 

obtained by DLS (Figure 5.19 lower). However, the DLS results were always 

slightly higher than the size observed in the TEM pictures, since they represent 

the hydrodynamic diameter of the solvated particles and those are necessarily 

bigger than the diameter of the dry aggregates observed through TEM. 

Furthermore, the intensity and size distribution obtained through DLS showed an 

overestimation of the dimension: because of the dependency on size of these type 

of distributions that leads to a size overestimation for non-monodisperse systems 

such as these polymeric nanoparticles (see Appendix II for all the DLS 

distribution plots, Figure B.7 to Figure B10).  

The TEM analyses confirmed the presence of spherical micelles for polymer (b), 

whilst the micrographs of polymers (a), (c) and (d) showed the presence of 

diverse structures. In more detail, aggregated micelles and wormlike micelles 

could be identified for polymer (a) and (c), whilst aggregated micelles and 

possible vesicles were detected in polymer (d) (see Appendix II for additional 

TEM micrographs, Figure B.13), factors which may well also explain the larger 

sizes detected from DLS measurements. 
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Figure 5.19 - Size distribution (by number) obtained through DLS analyses (25 °C) and 

TEM images of the copolymers (0.1% wt in water): (a) MPEG12-PHAz3-MPEG12, (b) 

MPEG12-PHAz6-MPEG12, (c) MPEG7-PHAz3-MPEG7, (d) MPEG7-PHAz3-MPEG7. Discrete 

spherical micelles are observed for polymer (b); whilst different structures are observed for 

the remaining copolymers. The peak size is shown in each DLS plot. Images were taken with 

UA negative background staining. 

 

It is well known that several parameters (such as the ratio of the hydrophilic to the 

hydrophobic block, hydrophobicity of the apolar block, molecular weight etc.) 

influence the type and size of the nanostructure formed upon self-assembly. For 

instance, MPEG blocks with higher DP generally result in smaller micelles, as 

observed for other amphiphilic copolymers when increasing the size of the 

hydrophilic block [5, 9]. Whereas, short hydrophilic blocks can result in the 

formation of large structures upon hierarchical aggregation of smaller micelles 

[60]. 

Furthermore, the length and crystallinity of the hydrophobic block (in this case the 

PHAz) can also influence the micellar size. For example, for PEG-b-PCL micelles 

a smaller size was observed with increasing PCL molecular weight: this was 

attributed to the ability of the hydrophobic core to pack tightly in crystalline 

regions [38]. In addition, the degree of crystallinity of the core can also affect the 
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morphology of the aggregates [61]. For instance, for a given PCL length a change 

in the crystallinity of the core of PEG-PCL block copolymers has been observed 

to shift the morphology from rods to spherical micelles [10]. 

Therefore, in this case a particular balance between the PHAz core crystallinity 

and the PEG weight fraction might explain the formation of spherical micelles for 

polymer (b) and the different self-assembly/aggregation observed for the other 

copolymers. Further investigations are certainly required to understand thoroughly 

the self-assembly of these PHAz-based amphiphilic copolymers and reveal the 

role of the crystallinity, hydrophobic/hydrophilic ratio and interaction parameter 

of the PHAz block with water upon the aggregated nanostructures formed in 

aqueous environment. 

Nonetheless, these preliminary studies showed that all the copolymers formed 

self-assembled aggregates with sizes suitable for drug delivery, since 

nanoparticles smaller than 200 nm can avoid recognition from the 

reticuloendothelial system (RES) (particles with diameter above 200 nm are 

readily cleared by the liver and the spleen) [38]. In addition, structures with 

characteristic dimension below 30 nm are highly desirable for pharmaceutical 

formulations, since these are characterised by a higher efficiency of penetration 

through blood vessel walls [5, 62, 63]. Hence, the copolymer (b) MPEG12-PHAz6-

MPEG12 is particularly interesting, since this formed micelles with average 

diameter around 20-25 nm. For this reason, the micellar size of this polymer was 

investigated further as a function of temperature (Figure 5.20). 

 
Figure 5.20 - Diameter of (b) MPEG12-PHAz6-MPEG12 micelles vs temperature (0.1% wt in 

water). The size is stable between 25 and 35 °C. A significant increase is observed at 45 °C. 

The sizes shown are obtained from the peak value of the number distribution ± 1 standard 

deviation of the distribution (obtained from DLS). 
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The peak value of the distribution was almost constant in the temperature range 

between 25 and 35 °C, with a small increase at 40 °C and a more significant 

change (+78% compared to the starting value) at 45 °C. The standard deviation 

also increased, meaning that a broader particle distribution was obtained (see 

Appendix II for DLS plots, Figure B.11), indicating formation of micellar 

aggregates at higher temperatures [1]. However, these results do show that this 

polymer could prove to be an interesting drug delivery vehicle since the average 

micellar size is still below 30 nm at body temperatures. 

 

 

5.3.3 UV-Vis studies 

 

 

5.3.3.1 C6 incorporation 

 

Coumarin-6 (C6) is a highly hydrophobic fluorescent dye that can be used to 

model the behaviour of lipophilic drugs for studies involving drug delivery and 

drug release [64]. For this reason, C6-loaded nanoparticles were prepared through 

nano-precipitation: DCM was used in this case to ensure the presence of a 

homogeneous solution (containing C6 and the copolymer) to use for the nano-

precipiation process. DLS analyses showed that the size distribution of the 

MPEG12-PHAz6-MPEG12 particles prepared from DCM was not significantly 

different from that of the micelles prepared from THF. Namely, the distribution 

was marginally broader and shifted towards slightly higher values. In more detail, 

the peak value of the number distribution was 30.2 ± 9.3 nm (see Appendix II for 

the DLS plot, Figure B.12). Therefore, although not miscible with water, DCM is 

still a fairly good solvent for the preparation of MPEG-PHAz-MPEG self-

assembled structures. 

The MPEG-PHAz-MPEG copolymers were compared to Tween 20 and Pluronic 

L121, two commercially available amphiphilic copolymers used for stabilisation 

and encapsulation of hydrophobic molecules [5, 65-69]. Visual observation of 

filtered C6-loaded nanoparticle dispersions (plus a control sample of water 
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without copolymer) gave a direct insight into the ability of some of the 

synthesised copolymers to encapsulate and stabilise C6 in water (Figure 5.21). 

 

 
Figure 5.21 - Picture of the formulations for the synthesised copolymers (a) MPEG12-PHAz3-

MPEG12, (b) MPEG12-PHAz6-MPEG12, (c) MPEG7-PHAz3-MPEG7, (d) MPEG7-PHAz3-

MPEG7 compared to Tween 20 and Pluronic L121 under normal light (top) and UV light 

(bottom; !=365 nm). No polymer was used in the control vial. 

 

At first glance, it is clear that the MPEG-PHAz-MPEG polymers with longer 

hydrophilic segments (i.e. (a) MPEG12-PHAz3-MPEG12 and (b) MPEG12-PHAz6-

MPEG12) were able to disperse the highest amount of C6 in the polar medium, 

with the latter displaying the strongest emission under UV light. The amount of 

C6 stabilised and dispersed in water was quantified through UV-Vis analyses, by 

diluting small aliquots of these aqueous dispersions in THF and comparing the 

results with known C6 concentrations (Figure 5.22). 
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Figure 5.22 - C6 dispersed in the different formulations (!g of dye per mL of water). The 

synthesised copolymers (a) MPEG12-PHAz3-MPEG12, (b) MPEG12-PHAz6-MPEG12, (c) 

MPEG7-PHAz3-MPEG7, (d) MPEG7-PHAz3-MPEG7 are compared to Tween 20 and 

Pluronic L121. No polymer was used in the control sample. The copolymer (b) MPEG12-

PHAz6-MPEG12 showed the highest amount of C6 encapsulated and dispersed in water. 

 

The UV-Vis results confirmed the visual observations and showed that the 

copolymer (a) had loading comparable to Tween 20 since around 3 !g mL-1 of 

dye were dispersed in water, whilst the copolymer (b) showed the highest loading 

with more than 10 !g mL-1 dispersed in water: three times higher than commercial 

Tween 20 and around 35 times the measured native solubility of C6 in H2O (0.29 

!g mL-1). These data could be attributed to the different packing of the micellar 

core in the smaller micelles formed by this polymer. Furthermore, all of the 

dispersions were passed through 0.22 !m syringe filters to eliminate undissolved 

C6 and mimic the clearance by the RES [38], so it is possible that some of the 

particles in the other formulations could have been removed during this step. 

However, these preliminary results clearly demonstrate the ability of amphiphilic 

copolymers based on azelaic acid and 1,6-hexanediol to act as potential drug 

delivery vehicles. 
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5.3.3.2 CAC determination 

 

As aforesaid, another crucial parameter to determine, in order to understand the 

usefulness of polymers as nano-carriers, is the CAC. In fact, a low value ensures 

the formation of sufficiently stable nanostructures.  

Incorporation of the hydrophobic dye 1,6-diphenyl-1,3,5-hexatriene (DPH) was 

used to obtain the CAC of the copolymers and to further confirm the micellar 

structure with a hydrophobic core. DPH is highly lipophilic and has a significantly 

lower intensity of absorption at 330-380 nm in water compared with that showed 

in a lipophilic environment. Thus as micelles and/or vesicles form, the dye is 

preferentially partitioned into the hydrophobic regions, leading to increased light 

absorption [1, 11]. The dramatic change in absorbance gives information on the 

assembly of the polymeric nanostructures and, hence, on the CAC. As an 

example, the UV-Vis spectra obtained for the copolymer (b) MPEG12-PHAz6-

MPEG12 at a fixed DPH concentration (0.004 mM) with increasing polymer 

concentration is shown (Figure 5.23). 

 

 
Figure 5.23 – UV-Vis spectra of copolymer (b) MPEG12-PHAz6-MPEG12 at 25 °C. The 

absorbance between 330 and 390 nm increases dramatically with polymer concentration 

(0.00001, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1% wt) at a fixed DPH concentration 

(0.004 mM). 
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The CAC of this polymer was extrapolated from the absorbance recorded at 362 

nm (Figure 5.24). The data were fitted with a logistic growth function (red solid 

line). 

 

 
Figure 5.24 – Absorbance at 362 nm vs concentration (% wt) for polymer (b) MPEG12-

PHAz6-MPEG12 at 25 °C (DPH concentration fixed to 0.004 mM). The CAC was determined 

by extrapolated lines (black dotted lines at high and low concentrations) of the absorbance 

maximum at 362 nm (data were fitted to a logistic growth function, red solid line; R2>0.98). 

 

The CAC of copolymer (b) MPEG12-PHAz6-MPEG12 was 0.0027% (27 !g mL-1). 

The same analysis was conducted for the other copolymers to obtain their CAC 

(Table 5.4). Plots of the absorbance at 362 nm vs concentration for these 

copolymers are available in the Appendix II (Figure B.14 to Figure B.16). 

 
Table 5.4 - CAC of the synthesised MPEG-PHAz-MPEG copolymers calculated from UV-

Vis by the extrapolated lines of the absorbance maximum at 362 nm. 

Product 
CACa 

% wt !g mL-1 !Mb 

(a) MPEG12-PHAz3-MPEG12 0.0047 47 18.8 

(b) MPEG12-PHAz6-MPEG12 0.0027 27 9.0 

(c) MPEG7-PHAz3-MPEG7 0.0021 21 11.7 

(d) MPEG7-PHAz6-MPEG7 0.0009 9 3.3 
aThe CAC error for each copolymer was less than 2% 

(experiments run in duplicate); bCalculated from MnNMR 
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As expected, the copolymers containing the smallest hydrophilic segments (i.e. 

polymers (c) and (d)) displayed the lowest CAC expressed in !g mL-1. On the 

other hand, taking into account the molar mass of the copolymers, (b) and (d) 

displayed the lowest CAC expressed in !M (since these were characterised by the 

highest molecular weight). In more detail, for a given length of MPEG block the 

copolymers containing the larger PHAz segment displayed lower CAC values, as 

expected and already observed for similar systems elsewhere [9, 24]. It is well 

known that the hydrophobic length plays an important role and increased 

hydrophobicity shifts the CAC to lower values, since the aggregation starts at 

lower concentrations [6]. 

Moreover, the CAC values determined for the copolymers (b), (c) and (d) are 

comparable to those of other copolymers currently used for drug delivery (0.001 - 

0.003% wt) [4, 15] and are much lower than the values observed for most of the 

Pluronics (typically around 0.1% wt, but even higher than 1% wt in some cases) 

[4, 6] and other PEG-polyester-PEG amphiphilic copolymers described in the 

literature (e.g. 0.005% for a PEG-PCL-PEG and 0.01 % wt for a PEG-PLGA-

PEG copolymer) [1, 11]. This is likely a result of the higher hydrophobicity of the 

PHAz block in combination with the packing of the polymer chains into a 

crystalline core, which has also been shown to strongly influence the CAC value 

[38]. These data clearly show that copolymers with azelaic acid and 1,6-

hexanediol based backbones could be promising candidates for a new generation 

of renewable nano-carriers. 

 

 

5.3.4 Surface tension reduction 

 

 

In addition to medical applications and drug delivery, such amphiphilic polymers 

can also find purpose in formulations for wetting agents, emulsifiers and 

detergents if there is a significant effect upon the surface tension [18]. For 

example, soaps and detergents include surfactants in order to reduce surface 

tension and achieve good contact between the liquid and the material to be 

cleaned. This allows lipophilic molecules and oily residues to be removed 

efficiently [17, 18]. 
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For this reason, the reduction in surface tension was investigated through the 

maximum bubble pressure test and the values obtained were compared to surface 

tension reduction achieved with commercial Tween 20 and Pluronic L121, since 

these polymers are also commonly used as detergents and emulsifiers (Figure 

5.25). 

 

 
Figure 5.25 - Surface tension measured through maximum bubble pressure test. The 

synthesised copolymers (a) MPEG12-PHAz3-MPEG12, (b) MPEG12-PHAz6-MPEG12, (c) 

MPEG7-PHAz3-MPEG7, (d) MPEG7-PHAz3-MPEG7 are compared to Tween 20 and 

Pluronic L121 (0.2% wt in water). No polymer was used in the control sample. The MPEG-

PHAz-MPEG copolymers showed a surface tension reduction comparable to those achieved 

by using commercial surfactants. 

 

The surface tension of pure water at 20 °C is 72.8 mN m-1, in current applications 

a molecule (or macromolecule) that is able to reduce the surface tension to below 

60 mN m-1 is classed as a good surfactant [17, 18]. The results of the maximum 

bubble pressure test show that all the MPEG-PHAz-MPEG copolymers reduced 

the surface tension to around 40 mN m-1 and are comparable in their effects with 

Tween 20 and Pluronic L121. Therefore, this preliminary surface tension study 

demonstrates that these novel materials could certainly provide interesting 

opportunities for formulations where a green biodegradable surfactant is required. 



 194 

5.4 Conclusions 

 

 

The novel low temperature approach developed in Chapter 4 has been exploited 

here to develop new amphiphilic block copolymers based on azelaic acid and 1,6-

hexanediol as building blocks of the hydrophobic backbone. The polymerisations 

were carried out in a solvent-free scCO2 system, using natural enzyme CaLB as a 

catalyst at 35 °C and achieving remarkably high yields. The chains were end-

capped with MPEG blocks of varied length that afforded hydrophilicity and 

control over the molecular weight (by tuning of the feed ratio). Such low 

temperature polymerisations would have not been possible without the aid of 

scCO2 as a reaction medium and Novozym 435 as a catalyst. 

The structural and physical properties of the novel polymers have been confirmed 

by NMR, DSC and GPC, showing that the synthetic route provides excellent 

control over the polymer molecular weight and properties. 

DLS, TEM, NMR and UV-Vis studies were carried out to investigate the self-

assembly of these polymers in water, obtaining promising preliminary data for 

nanostructure formation and encapsulation. All the polymers formed self-

assembled structures characterised by an average characteristic size smaller than 

200 nm. The size and type of aggregation changed depending on the MPEG and 

PHAz blocks length and micelles smaller than 25 nm could be obtained using 

polymer (b) MPEG12-PHAz6-MPEG12. This is a remarkable result, since micelles 

of sizes lower than 30 nm have higher penetration efficiency into the capillaries. 

Coumarin-6 loading tests demonstrated the ability of the polymers to disperse and 

stabilise lipophilic molecules in aqueous environment. The most promising 

example developed in this chapter is the polymer (b) MPEG12-PHAz6-MPEG12, 

which could be used to disperse more than 10 !g mL-1 of C6 in water affording a 

solubility three times higher than that obtained with a commercial amphiphilic 

copolymers currently used for drug encapsulation (Tween 20) and 35 times higher 

than the native solubility of C6 in water. 

The CAC of these novel MPEG-PHAz-MPEG copolymers was determined by 

UV-Vis using 1,6-diphenyl-1,3,5-hexatriene as a probe to show high stability of 

the aggregated nanostructure: in particular the polymers (b) and (d) showed a 
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CAC of 9.0 and 3.3 !M respectively, which are comparable to those of other 

copolymers currently used for drug delivery and lower than those of most 

Pluronics. 

Finally, the surface tension reduction achieved by dispersing these novel polymers 

in water was determined by maximum bubble pressure test and compared to those 

achieved for commercially available non-ionic polymeric surfactants (Tween 20 

and Pluronic L121). The results showed a significant reduction, indicating that 

these new bio-based copolymers might find applications also as surfactants in 

detergents and body-care formulations. 

To sum up, the green low temperature approach described in Chapter 4 has been 

successfully extended to the production of novel bio-based functional polymers 

that could be interesting candidates as nano-carriers and surfactants. Further 

analyses need to be done to investigate more in-depth the self-assembly of these 

copolymers in water, to assess their biodegradability and to evaluate their real 

potential in drug delivery and other formulations. 
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6 Conclusions and future investigations 

 

 

This final chapter summarises the overall conclusions obtained from the research 

presented in this thesis. In particular, the high-pressure rheological analyses 

(Chapter 3) together with the potential of the new synthetic approach and the new 

polymers synthesised (Chapter 4 and 5). 

Furthermore, aspects of possible future research that could be carried out for the 

continuation of the work are considered. 
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6.1 Conclusions 

 

 

This thesis has focussed upon investigations on the use of supercritical CO2 

(scCO2) to achieve new approaches that might lead to a more sustainable plastic 

industry. 

 

Chapter 3 described the rheological analysis carried out on a commercially 

available semi-crystalline polyester; i.e. poly(!-caprolactone) (PCL). 

Interpretation of the viscoelastic moduli vs temperature graphs have been 

exploited for the first time on a semi-crystalline polymer under pressure, to 

highlight the possibility of lowering the melting point of this biodegradable 

polyester by adding pressurised CO2. Hence, a new and effective methodology to 

assess the CO2-induced melting point depression of semi-crystalline polymers has 

been described. The results correlate well with previous thermal and spectroscopic 

studies [1, 2], and give a rheological viewpoint to the CO2-induced melting point 

depression. This could aid the modelling of this effect and support the design of 

lower temperature CO2-assisted processes. 

Additionally, rotational experiments were performed to determine the viscosity of 

PCL samples with different molecular weight (10 kg mol-1 and 80 kg mol-1 

respectively). Dramatic reductions of the viscosity were observed for both 

polymers: at 300 bar a ~95% reduction (relative to the ambient pressure value) 

was obtained for the two samples. 

In addition, comparisons with high-temperature viscosity studies (at ambient 

pressure) showed the significant improvements achieved by using scCO2: the 

viscosity values obtained at 80 °C and 180 bar under CO2 are comparable to those 

achieved at 180 °C in the absence of CO2. 

Supplementary experiments carried out under high-pressure N2 showed that the 

effect of a non-plasticising gas was an increase in the viscosity, rather than a 

decrease. 

These results highlighted the substantial advantages that high-pressure CO2 

processing of semi-crystalline polymers could provide in terms of energy saving 

and processing of thermally labile materials. 
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This learning was the starting point for the development of the next two chapters 

where CO2 has been used to design a novel green lower temperature synthetic 

approach. 

 

Chapter 4 described the development of a novel enzymatic low temperature 

approach for the preparation of functional polyesters based on renewable 

monomers (i.e. azelaic acid and 1,6-hexanediol). The use of scCO2 (275 bar) 

allowed for the utilisation of a commercially available immobilised lipase 

(Novozym 435) as a catalyst. The reactions were carried out at 35 °C without pre-

modification of the monomers and without using organic solvents. To the best of 

the author’s knowledge, it is the first time that synthesis of polyesters via 

polycondensation has been carried out at such low temperatures. 

Different molecular weights were targeted by carefully tuning the feed ratio of the 

reactants. Four different functional end-cappers were used in order to prepare 

poly(hexylene azelate) (PHAz) telechelics with distinctive terminal moieties. 

The combined use of the supported lipase and CO2 (and the resulting mild 

temperature) avoided competing side reactions involving the end-group moieties. 

To support this hypothesis, the same reactions were carried out in the melt 

without CO2 (110 °C): these not only resulted in lower yields and uncontrolled 

side-reactions, but also in a reduction in the enzyme activity, which could not be 

efficiently recycled afterwards. Conversely, the lipase activity was not 

compromised during the polycondensations performed in scCO2 at 35 °C. 

The bio-based telechelic polymers thus prepared possess functional groups that 

could undergo further modification, cross-linking or chain extension processes. 

These possibilities were assessed through preliminary spectroscopic and thermal 

analyses, obtaining initial promising results. 

This process could therefore lead towards a fully green, solvent-free, low- 

temperature route for the synthesis of renewable functional polyesters in scCO2. 

Such an approach would be of great importance in the production of functional 

materials for biomedical applications. This possibility has been explored in the 

subsequent research chapter. 

 

In the fifth chapter, the enzymatic low temperature approach developed in 

Chapter 4 has been exploited for the preparation of amphiphilic block copolymers 



 203 

based on azelaic acid, 1,6-hexanediol and methoxy poly(ethylene glycol) 

(MPEG). Here again, the polymerisations could be carried out at 35 °C in a 

solvent-free CO2 system and using Novozym 435 as a catalyst. This confirmed the 

versatility of these CO2-assisted lipase-catalysed polymerisations and highlighted 

once again the significant prospects that CO2-aided polyester synthesis and 

processing could deliver in terms of cost saving and preparation of novel 

materials: the use of CO2 opens up for the design of new synthetic routes that 

would simply not be possible in normal (i.e. melt or solvent based) systems. 

Additionally, the usefulness of the thus prepared copolymers was assessed 

through electron microscopy, light scattering, spectroscopy and surface tension 

studies. These analyses showed the ability of these novel bio-based polymers to 

act as potential nano-carriers for medical applications (e.g. drug encapsulation) 

and their possible value also as surfactants in detergents and body-care 

formulations. 

 

 

6.2 Future work 

 

 

The rheological investigations demonstrated the dramatic effect that CO2 can have 

on PCL with varied molecular weight and proved that moduli vs temperature plots 

give effective information on the melting point depression under pressure; 

nonetheless, there are still a number of areas that have not fully been investigated 

here, nor in the available literature. A detailed investigation on the flow behaviour 

and mechanical properties of polyesters with different end-groups in CO2 could be 

used to test the influence of the terminal groups on the rheological properties of 

the melt and of the interaction with CO2 (are the terminal groups influencing the 

CO2-induced plasticisation?). These investigations could include also the analysis 

of ABA block copolymers. 

In addition, the analyses of mixtures containing different ratios of monomers, 

oligomers and polymers could give important information on high-pressure 

polycondensations: in principle one could follow the reactions directly in the 

rheometer by analysing in real time the viscosity changes. This could open up the 
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possibility of designing a high-pressure reaction vessel in which the torque 

applied by the motor to the mechanical stirrer is continuously measured, in order 

to obtain information on the viscosity and to stop the reaction when the desired 

value (and hence conversion and/or molecular weight) is reached. This would 

certainly be a significant step-forward in the field of CO2-assisted 

polymerisations. 

 

The low temperature enzymatic approach developed in the fourth chapter has 

been applied to the polymerisation of azelaic acid and 1,6-hexanediol 

functionalised by using four different end-cappers. Preliminary studies have been 

carried out to assess the reactivity of the synthesised telechelics. However, more 

comprehensive mechanical and application testing investigations need to be 

carried out to examine their real usefulness as coatings and cross-linked materials 

(e.g. adhesion, solvent, scratch and impact resistance etc.). 

Furthermore, owing to the antiseptic properties of azelaic acid, the resulting film 

could be characterised by antibacterial/antiseptic properties as well. Initial 

bacterial growth and adhesion studies are currently in progress and are being 

carried out within the Faculty of Medicine & Health Sciences of the University of 

Nottingham (Prof Roger Bayston group). 

Additionally, this lipase-catalysed polymerisation is most probably suitable also 

for other diacids and diols. Therefore, it would be interesting to test if different 

mechanical properties can be obtained when using monomers with different 

structures. Such investigations would reveal the real potential of this novel 

synthetic route. 

Finally, in this research work, low molecular weights have been targeted for the 

purpose of producing functional polymers suitable for cross-linked materials and 

coating applications [3-5]. Nonetheless, high molecular weight polyesters are also 

a desirable class of products (e.g. for the production of materials with good 

mechanical properties) [6]. Hence, investigations on the maximum molecular 

weights achievable in CO2 using Novozym 435 at different pressure and 

temperature conditions could deliver a new insight on the preparation of high 

molecular weight bio-based polyesters. Comparisons with conventional catalysts 

and melt processes would afford a direct evaluation of the advantages obtained in 

CO2. For example, not only can the CO2-induced plasticisation afford advantages 
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in term of energy saving (lower temperature), but also for a given temperature a 

dramatically lower viscosity might be achieved: this could lead to higher 

conversion and molecular weight values that result from the higher diffusivity of 

oligomers/polymers in the plasticised melt. 

 

The amphiphilic copolymers based on azelaic acid, 1,6-hexanediol and MPEG 

described in Chapter 5 displayed interesting characteristics and self-assembly 

properties. However, detailed studies should be carried out in order to test their 

drug loading/release properties and the human-body compatibility. Furthermore, 

their accumulation and elimination from the body must be assessed. In this way, 

the real usefulness of these novel polymers for medical applications could be 

evaluated. 

Furthermore, different diacids/diols could be investigated to understand if 

distinctive self-assembly and properties can be obtained by changing the building 

blocks of the hydrophobic segment. In addition, even if the production of bio-

based PEGs has been announced [7, 8], sugar alcohol-derived hydrophilic 

polymers (e.g. poly(sorbitol) and linear poly(glycerol) [9]) could be investigated 

as hydrophilic blocks and impart an added value to the formulations. 

Moreover, the degradation of these amphiphilic copolymers and of the telechelics 

presented in Chapter 4 should be inspected to determine the environmental impact 

of these novel polymers. 

 

Another important aspect to consider is the separation of the polymer products 

described in Chapter 4 and 5 from the enzyme beads (and from the molecular 

sieves used to trap the water by-product). For practical reasons, in this thesis this 

was achieved through use of a small amount of toluene. However, our group 

previously showed that it is possible to exploit the CO2-induced plasticisation of 

the polymer product to obtain this separation [10]: further studies need to be done 

to improve this process and test its large scale viability. 

 

Finally, a general consideration regarding the energy cost of the high-pressure 

processes presented in this thesis has to be done. Without a doubt, the ability to 

prepare new materials, which may not be accessible via conventional high-

temperature processes, represents a significant step-forward. However, the energy 



 206 

cost of this synthetic approach must be carefully evaluated and compared to that 

of conventional high-temperature routes. These crucial examinations will provide 

a clear assessment of the viability of these enzymatic CO2-aided 

polycondensations on a commercial scale with an industrial point of view. Such 

investigations are already in progress in our group. Preliminary results show that 

the most significant expenditure in conventional melt processing is the large 

amount of energy required to heat the bulk polymerisation. By contrast, 

compression costs for needed for CO2 pressurisation are an order of magnitude 

smaller. Hence, reducing the typical working temperature from ~110 °C (or more) 

to 35 °C will have undoubtedly a dramatic effect in terms of energy saving. 

In summary, this thesis demonstrates excellent potential for further exploitation of 

scCO2 for a wide range of possible applications in polyester synthesis and 

processing. 

 



 207 

6.3 References 

 

[1] C.A. Kelly, K.L. Harrison, G.A. Leeke, M.J. Jenkins, Polymer Journal, 45, 
2013, p. 188 
[2] S. Murphy, MRes Thesis, School of Engineering, Department of Metallurgy 
and Materials, University of Birmingham, 2011 
[3] M. Eriksson, L. Fogelström, K. Hult, E. Malmström, M. Johansson, S. Trey, 
M. Martinelle, Biomacromolecules, 10, 2009, p. 3108 
[4] M. Eriksson, K. Hult, E. Malmström, M. Johansson, S.M. Trey, M. Martinelle, 
Polymer Chemistry, 2, 2011, p. 714 
[5] S. Semlitsch, S. Torron, M. Johansson, M. Martinelle, Green Chemistry, 2016, 
p.  
[6] X. Kong, H. Qi, J.M. Curtis, Journal of Applied Polymer Science, 131, 2014, 
p. 1 
[7] Grand View Research, Polyethylene Glycol (PEG) Market Analysis By 
Application (Medical, Personal Care, Industrial) And Segment Forecasts To 
2020, http://www.grandviewresearch.com/industry-analysis/polyethylene-glycol-
peg-market, Last Access: 11/04/2016 
[8] Green Chemicals Blog, Europe explores creation of Bio-based products 
standards, http://greenchemicalsblog.com/2015/03/16/europe-explores-creation-
of-bio-based-products-standards/, Last Access: 11/04/2016 
[9] A. Thomas, S.S. Müller, H. Frey, Biomacromolecules, 15, 2014, p. 1935 
[10] F.C. Loeker, C.J. Duxbury, R. Kumar, W. Gao, R.A. Gross, S.M. Howdle, 
Macromolecules, 37, 2004, p. 2450 
 
 



 208 

A Appendix 1: Additional Information for Chapter 4 

 

 

A.1 1H-NMR spectra of functional PHAz polymers with DP6 

 

 

As stated in Chapter 4, the 1H-NMR spectra of the telechelics with a longer 

backbone showed also the achievement of successful polymerisations with the 

preparation of polymers with size within the targeted range and efficiently end-

capped (Figure A.1 to Figure A.4). 

 

 
Figure A.1 - 1H-NMR of PHAz-SA6: the end-capper peaks are clearly observed at around 1.75 

ppm (a), 4.52 ppm (f) and between 5.50 and 6.55 ppm (b-e). 
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Figure A.2 – 1H-NMR of PHAz-HSA6: the end-capper peaks are observed at 0.90 ppm (a), 3.60 

ppm (b) and in the peak at 1.45 ppm (i). An additional small triplet that is assigned to protons 

adjacent to an alcohol group (either in the 1,6-hexanediol or uncapped chains) is observed at 

3.65 ppm. 

 

 
Figure A.3 - 1H-NMR of PHAz-TMPO6: the end-capper peaks are observed at around 4.50 ppm 

(a and a’), 1.75 ppm (b), 0.95 ppm (c) and 4.25 ppm (d), a peak assigned to unreacted TMPO 

(<13%) is observed at 3.81 ppm (e). 
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Figure A.4 – 1H-NMR of PHAz-HEMA6: the end-capper signals are seen at 5.55 ppm (a and a’), 

6.65 ppm (b and b’), 1.98 ppm (c) and 4.28 (d). The peak d’ is assigned to ethylene glycol 

incorporated in the backbone rather than at the end of the chains, and the peak f is given by the 

EGDMA (<5%) formed by the enzyme. 

 

 

A.2 1H-NMR spectra of the polymer synthesised without CO2 in the melt at 

high temperature (110 °C) 

 

 

The yields of the reactions carried out in the melt at 110 °C in the absence of CO2 

were quite low (40-60%). In addition to this, 1H-NMR conducted on the products 

obtained from these reactions showed erratic integral values that did not match with 

the intact structures of the end-cappers: this might indicate that side-reactions 

involving the functionalisers moiety occurred (Figure A.5 to Figure A.8). Besides, 

assumption that all the chains were end-capped led to vain results on the 

determination of the molecular weight, which in most cases resulted considerably 

overestimated and incompatible with the feed ratio used in the reactions (the targeted 

DP was around 3). Hence, a low end-capping efficiency was generally afforded. 
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Figure A.5 - 1H-NMR of PHAz-SA synthesised in the melt: the end-capper peaks are observed 

at around 1.75 ppm (a), 4.52 ppm (f) and between 5.50 and 6.55 ppm (b-e). The integrals 

attributed to the PHAz backbone are clearly overestimated considering the targeted size (DP3). 

This indicates a low end-capping efficiency. 

 

 
Figure A.6 -  1H-NMR of PHAz-HSA synthesised in the melt: the end-capper peaks are observed 

at 0.90 ppm (a), 3.60 ppm (b) and in the peak at 1.45 ppm (i). The triplet that is assigned to 

protons adjacent to an alcohol group (either in the 1,6-hexanediol or uncapped chains) at 3.65 

ppm has a much higher intensity compared to that observed for the products synthesised in CO2. 

This indicates a lower monomer conversion and/or the presence of a significant amount of non 

end-capped chains. 
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Figure A.7 - 1H-NMR of PHAz-TMPO synthesised in the melt: the end-capper peaks are 

observed at around 4.50 ppm (a and a’), 1.75 ppm (b), 0.95 ppm (c) and 4.25 ppm (d), a peak 

assigned to unreacted TMPO (<13%) is observed at 3.81 ppm (e). The oxetane peaks (a+a’) have 

a value lower than that expected; furthermore, a small peak around 3.5 ppm, which can be 

attributed to the formation of linear polyethers, is observed. The integrals attributed to the 

PHAz backbone are clearly overestimated considering the targeted size (DP3). This indicates a 

low end-capping efficiency. 
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Figure A.8 - 1H-NMR of PHAz-HEMA synthesised in the melt: the end-capper signals are seen 

at 5.55 ppm (a and a’), 6.65 ppm (b and b’), 1.98 ppm (c) and 4.28 (d). The peaks of the vinyl 

protons (a/a’ and b/b’) have a value lower than that expected; this might indicate side reactions 

involving this functionality. The integrals attributed to the PHAz backbone are clearly 

overestimated considering the targeted size (DP3). This indicates a low end-capping efficiency. 
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A.3 1H-NMR spectra for enzyme recycling tests (synthesis of propyl oleate) 

 

 

The conversion of 1-propanol into propyl oleate was determined by monitoring the 

peak of 1-propanol at 3.65 ppm (a, HO-CH2-) and comparing it to the propyl oleate 

peak at 4.05 ppm (b, -COO-CH2-) (Figure A.9). As previously described, the same 

reaction was conducted by using: new enzyme beads, enzyme recycled from the 

scCO2 reactions (used 5 times in CO2) and enzyme used for one reaction at 110 °C 

(in the melt without CO2). 
O

OH

O

+

H2O

O

HO

a

b

Toluene
Novozym 435 

50 °C

 
Figure A.9 - Synthesis of propyl oleate. This reaction was used to monitor the enzyme activity 

after the high- pressure poly-condensations. The reaction was monitored through 1H-NMR by 

comparing the 1-propanol peak (a) at 3.65 ppm and the propyl oleate peak (b) at 4.05 ppm. 

 

 

Sections of the obtained spectra are shown in the next pages (Figure A.10 to Figure 

A.12). 
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Figure A.10 – Section of the 1H-NMR spectrum of propyl oleate synthesised using new Novozym 

435 after 1, 3, 5 and 24 hours from the start of the reaction. The ester peak (at 4.05 ppm) grows 

with increasing time reaching 97% conversion at 24 hours. 

 



 216 

 
Figure A.11 - Section of the 1H-NMR spectrum of propyl oleate synthesised using Novozym 435 

beads used twice in CO2 after 1, 3, 5 and 24 hours from the start of the reaction. The ester peak 

(at 4.05 ppm) grows with increasing time reaching 98% conversion at 24 hours. 
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Figure A.12 - Section of the 1H-NMR spectrum of propyl oleate synthesised using Novozym 435 

beads used for the high temperature synthesis (110 °C) after 1, 3, 5 and 24 hours from the start 

of the reaction. The ester peak (at 4.05 ppm) grows with increasing time reaching 51% 

conversion at 24 hours. 

 

These spectra show that the activity of CaLB is reduced after the reaction at 110 °C, 

whilst no changes in the conversion obtained when using new Novozym 435 and 

beads used in CO2 (up to 5 times) could be detected. This confirms that the 

supercritical route is without a doubt more commercially sustainable and viable since 

not only the polymer products are not accessible through melt polycondensation, but 

also the enzyme can be recycled without loss of activity after the high-pressure 

polymerisations. 
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B Appendix II: Additional Information for Chapter 5 

 

 

B.1 1H-NMR of MPEGs and copolymers 

 

 

The 1H-NMR spectra of the two different MPEGs used to end-cap the PHAz 

chains are shown (Figure B.1 and Figure B.2). 

 
Figure B.1 - 1H-NMR of MPEG550 

 

 
Figure B.2 - 1H-NMR of MPEG350. 
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Integrals of the peak assigned to the MPEG backbone could be used to estimate 

approximate monomer conversion for all the copolymers. 

 

The spectra of copolymers that were not shown in Chapter 5 are displayed here 

(Figure B.3 to Figure B.5). Integrals of the peaks at 3.38 ppm (terminal methoxy 

group in each of the MPEG blocks) and at 4.05, 2.28, 1.63 and 1.38-1.32 ppm 

(PHAz backbone protons) give a molar mass that agrees with the theoretical value 

(see Table 5.2 in Chapter 5). 

 

 
Figure B.3 - 1H-NMR of polymer (b) MPEG12-PHAz6-MPEG12. Integrals of the peak at 3.38 

ppm (terminal methoxy group) and 4.05, 2.28, 1.63 and 1.38-1.32 ppm (PHAz backbone) can 

be used to estimate the average molar mass of the polymer. The peak b (3.64 ppm) is 

assigned to the -CH2- in the MPEG backbone, while the peak b* (3.55 ppm) is assigned to the 

-CH2- protons directly attached to the terminal methoxy group (-O-CH3). 
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Figure B.4 - 1H-NMR of polymer (c) MPEG7-PHAz3-MPEG7.  

 

 
Figure B.5 - 1H-NMR of polymer (d) MPEG7-PHAz6-MPEG7.  

 

From peak c (4.22 ppm) and a (3.38 ppm), it can be estimated that: more than 

90% of the detected MPEG was attached to the polymer chains for polymers (b) 

MPEG12-PHAz6-MPEG12 and (d) MPEG7-PHAz6-MPEG7; whilst, 85% of MPEG 

was linked to the PHAz backbone for polymer (c) MPEG7-PHAz3-MPEG7. 

 

When the 1H-NMR spectrum of (b) MPEG12-PHAz6-MPEG12 is acquired in D2O, 

the peaks assigned to the PHAz backbone are strongly suppressed because of the 

self-assembled structure in which this segment is characterised by restricted 
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motion (red dotted rectangles in Figure B.6); compare Figure B.6 to Figure B.3 

for clarity. 

 

 
Figure B.6 - 1H-NMR of polymer (b) MPEG12-PHAz6-MPEG12 in D2O. The PHAz 

resonances are strongly suppressed (compare to Figure B.1), whilst the MPEG peaks are 

clearly observed. This is due to the formation of aggregated structure with a PHAz portion 

with restricted motion. 
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B.2 DLS studies 

 

 

B.2.1 Intensity and volume distribuions 

 

 

Intensity and volume distribution obtained form DLS are slightly overestimated 

since the samples were not monodisperse (these two distributions strongly 

depends on the size of the particles). For this reason, the number distributions 

(showed in Chapter 5) matched better with the TEM images. This was more 

marked for samples (b) and (c) (shown) since their distributions were not 

monomodal (Figure B.7 to Figure B.10). 

 

 

 
Figure B.7 – Intensity (top) and volume (bottom) distribution for (a) MPEG12-PHAz3-

MPEG12 micelles (0.1% wt in water). 
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Figure B.8 - Intensity (top) and volume (bottom) distribution for (b) MPEG12-PHAz6-

MPEG12 micelles (0.1% wt in water). 
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Figure B.9 - Intensity (top) and volume (bottom) distribution for (c) MPEG7-PHAz3-MPEG7 

micelles (0.1% wt in water). 
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Figure B.10 - Intensity (top) and volume (bottom) distribution for (d) MPEG7-PHAz6-

MPEG7 micelles (0.1% wt in water). 

 

 

B.2.2 DLS distribution of (b) MPEG12-PHAz6-MPEG12: temperature study 

 

 

The copolymer (b) MPEG12-PHAz6-MPEG12 formed micelles with diameter 

around 20 nm, which are particularly interesting for medical applications. For this 

reason, the micellar size of this polymer was investigated further as a function of 

temperature. Distributions by number obtained by DLS at 30 35, 40 and 45 °C are 

shown (Figure B.11). 
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Figure B.11 – Size distribution by number of (b) MPEG12-PHAz6-MPEG12 obtained through 

DLS at a range of temperature (30, 35, 40 and 45 °C top to bottom). The micellar size is 

shifted to higher values at higher temperatures, however the peak diameter is still below 30 

nm at body temperatures. 
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B.2.3 DLS distribution of (b) MPEG-12-PHAz6-MPEG12 micelles produced from 

nano-precipitation from DCM 

 

Nano-precipitation from DCM was used to prepare Coumarin-6 (C6) loaded 

particles. Even if this solvent is not miscible with water (this might result in the 

formation of bigger structure, due to an increased aggregation), DCM was chosen 

to ensure the presence of a homogenous solution (containing C6 and the 

copolymer). 

DLS analyses showed that the size distribution of the MPEG12-PHAz6-MPEG12 

nanoparticles prepared from DCM was not dramatically different from that 

obtained when using THF (Figure B.12). The distribution was slightly broader 

and shifted towards slightly higher values. In more detail, the peak value of the 

number distribution was 30.2 ± 9.3 nm (as opposed to 23.1 ± 7.3 obtained when 

using THF). 

 

 
Figure B.12 - Number distribution obtained through DLS analysis (25 °C) for (b) MPEG12-

PHAz6-MPEG12 micelles (0.1% wt in water). These micelles were prepared through nano-

precipitation from DCM. The average micellar size is slightly increased (30.2 ± 9.3), 

compared to that obtained through nano-precipitation from THF (23.1 ± 7.4 nm). 

 

 

 

 

 

 



 228 

B.3 Additional TEM images 

 

 

As shown in the Chapter 5, our preliminary studies confirmed the formation of 

self-assembled nanometric aggregates in water. Varied aggregates were observed. 

Additional TEM images are shown here (Figure B.13). 

 

 
Figure B.13 - Additional TEM images (taken with negative uranyl acetate staining) of: (a) 

MPEG12-PHAz3-MPEG12, (b) MPEG12-PHAz6-MPEG12, (c) MPEG7-PHAz3-MPEG7, (d) 

MPEG7-PHAz3-MPEG7. Note the possible membrane structure (red arrows) detected in 

polymer (d), which might indicate the presence of vesicles. 

 

Polymer (a) and (c) show the presence of few spherical micelles, aggregated 

micelles and some considerably large wormlike micelles, which can be formed 

upon fusion of smaller spherical micelles. Polymer (b) displays only non-
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aggregated spherical micelles with diameters approximately ranging from 10 to 

25 nm. Finally, the micrograph of polymer (d) shows some large aggregates 

where a tenuous concentric pattern is detected (red arrows), which might indicate 

the presence vesicles. 

 

 

B.4 CMC studies 

 

 

The CMC of was determined from the absorption of 1,6-diphenyl-1,3,5-

hexatriene (DPH) at a fixed concentration (0.004 mM) with increasing polymer 

concentration. The absorbance at 362 nm vs concentration (% wt) for polymers 

(a), (c) and (d) is shown (Figure B.14 to Figure B.16). The data were fitted with a 

logistic growth function (red line), whilst the CMC was determined as the 

crossing point of the extrapolated lines at low and high concentration. 

 
Figure B.14 – Determination of CMC by extrapolation method for polymer (a) MPEG12-

PHAz3-MPEG12. 
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Figure B.15 – Determination of CMC by extrapolation method for polymer (c) MPEG7-

PHAz3-MPEG7. 

 

 
Figure B.16 - Determination of CMC by extrapolation method for polymer (d) MPEG7-

PHAz6-MPEG7. 

 


