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ABSTRACT 

This Thesis reports the development of green approaches towards the 

synthesis of novel polyesters. Generally, polyesters are synthesised using 

harsh conditions (such as high temperatures) and rely upon petrochemical-

derived building blocks. By using biomass, more specifically plant oil derived 

sources, such as glycerol and vernolic acid (fatty acid, FA), we will explore a 

more renewable approach. In addition, scCO2 will be explored as a novel 

solvent and processing aid and also, immobilised enzymes will be used as 

biocatalysts. 

Chapter 1 has introduced the essential background of green chemistry and 

the importance of using biomass in the production of polymers. In addition, it 

also presents the fundamentals of polymer synthesis, with an emphasis on 

polyesters (linear and branched). A general introduction of enzymes and their 

use in polymer chemistry is given. Since the main aim of this thesis is to 

synthesise greener polyesters, the impact of using alternative solvents, such 

as scCO2, is well described, not only in polymerisations but also in the 

extraction of valuable compounds from biomass. 

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

standard operating procedures, analytical techniques and methods used to 

synthesis and characterise throughout this thesis. 

Chapter 3 explores the use of glycerol, which is a by-product from biodiesel 

production, to synthesise linear polyesters through polycondensation with bio-

based succinic acid. Bulk polycondensations (120 – 140 ºC), with no catalyst 

and using stannous octanoate (Sn(Oct)2), as a non-selective metal catalyst 

produced branched poly(glycerol succinate) (PGLSA). By combining scCO2 

and enzyme catalysis (Candida antarctica lipase B, CaLB), it was possible to 

decrease the temperature of this process to as low as 40 ºC, and produced 

linear PGLSA.  

Chapter 4 investigates the synthesis of water soluble glycerol-based 

surfactants. Using the methodology developed in Chapter 3, PGLSA was used 
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as a main block for the synthesis of potential surfactants. Therefore, with 

specific molar ratios, PGLSA was functionalised with lauric acid or methoxy 

poly(ethylene glycol) (with a molecular weight of 350 Da), using scCO2 and 

CaLB. The evaluation of the performance as surfactants was assessed and it 

was demonstrated that linear PGLSA-based polymers are interesting 

candidates as surface-active agents. A comparison with commercial available 

surfactants is made. 

Chapter 5 exploits oil obtained from nature to develop greener polyesters. 

Ironweed is a prolifically growing natural plant in East Africa and is one of the 

few plants containing naturally occurring epoxy oils in its seeds – 40% of 

vernonia oil (VO) by weight of the seed. In this work, VO was extracted using 

scCO2, which offers several advantages, such as its environmental 

compatibility, its selectivity towards the lipid part of the seeds and allows the 

oil extraction at low temperatures (60 ºC). One of the main components of VO 

is vernolic acid, which accounts for 80 wt.% of the oil. The epoxy groups and 

double bonds from the triglyceride of VA offer great opportunities for 

modification. Therefore, VA was isolated from the oil and converted into new 

monomers for polyesters. Four different potential monomers were 

synthesised, a hydroxy and dihydroxy acids (13-hydroxyoctadeca-9,11-

dienoic acid (HA) and 12,13-dihydroxyoctadec-9-enoic acid (DHA), 

respectively) a diacid (dodec-2-enedioic acid) and diol (dodec-2-ene-1,12-diol, 

(DED)).  

Chapter 6 investigates the synthesis of the vernolic acid-based polyesters 

from the monomers synthesised in Chapter 5, through polycondensation. The 

condensation of AB2 and A2 + B2 monomers is normally performed under 

harsh conditions (> 200 ºC). In this work, polycondensation reactions of HA 

(AB monomer), DHA (AB2 monomer) and DED (A2 monomer) with azelaic acid 

(AB2 commercially available monomer) were performed in bulk (at 100 – 

140 ºC) and under supercritical conditions. Using scCO2 allowed the decrease 

of the reaction temperature (35 – 95 ºC) which is desirable from a sustainable 

perspective. 
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Chapter 7 sums up the overall conclusions achieved from this work and 

summaries possible opportunities for future research in this field. 

In summary, the methodologies described in this Thesis, using biomass 

derived building blocks, such as glycerol and vernolic acid, and combining the 

use of scCO2 and CaLB (when possible), allowed the syntheses of greener 

polyesters. These approaches are an important step towards the development 

of the next generation of biorenewable and biodegradable polymers.  
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CHAPTER 1. INTRODUCTION 

1.1. Overview 

The aim of this chapter is to deliver the essential background for the main 

themes of this Thesis:  

a) Emphasis will be placed on green chemistry, 

b) general aspects of polymer chemistry and an 

c) introduction to supercritical carbon dioxide as a clean, inexpensive and 

green alternative to conventional solvents for oil extraction and polymer 

synthesis 

Finally, the general aims of this work will also described. 

1.2. The importance of green and sustainable chemistry 

In the 1980’s society became more concerned with regards to the generation 

of waste and the use of hazardous and toxic compounds in the fine chemical 

industries.
1
 The world is currently facing several challenges regarding the 

exponential increase of the world population and the effect of society on the 

ecosystems (biodiversity, climate change, natural media, etc.).
2-3

 For a 

sustainable world, several sciences must be involved, including chemistry, 

biology, engineering, physics and social sciences, to name a few.
4
 

Nevertheless, chemistry is the science which plays a more dominant role in 

this context, since it produces molecules, materials and compounds essential 

for society development (e.g. synthesis of new pharmaceutical compounds, 

formation of textiles, development of batteries, synthesis of polymers or 

creating substances essential for food).
5
  

It was in the early 1990’s that Sheldon 
6
 first introduced the concept of the 

E factor: the mass ratio of waste to the desired product. This invention was 

triggered by the mass formation of waste in the manufacture of chemicals in 

various industry segments (Table 1.1). 
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Table 1.1 – E factors in the manufacture of chemicals in different industry segments.
6
 

Industry sector Annual production (ton) E factor (kgwaste/kgproduct) 

Oil refining 10
6 
– 10

8 
< 0.1 

Bulk chemicals 10
4 
– 10

6
 <1-5 

Fine chemicals 10
2 
– 10

4
 5 to > 50 

Pharmaceuticals 10 – 10
3
 25 to > 100 

Another concept used to measure the conversion efficiency and selectivity in 

organic synthesis, atom economy, was proposed by Barry Trost.
7
 Using this 

concept it is possible to assess the mass of waste produced in a particular 

synthesis route. The atom economy is calculated by dividing the molecular 

weight of the desired product by the sum of the molecular weights of all 

reactants, and it is expressed as a percentage.  

These two concepts (‘green metrics’) contributed to the development of the 

Twelve Principles of Green Chemistry, in 1998, by Paul Anastas and John 

Warner.
8
 The use of renewable resources as starting materials along with 

green procedures are two of the most important challenges for the production 

of a variety of materials. The proposed principles are:
8
 

1. Prevention: It is better to prevent waste than to treat or clean up waste 

after it has been created. 

2. Atom Economy: Synthetic methods should be designed to maximise 

the incorporation of all materials used in the process into the final 

product. 

3. Less Hazardous Chemical Syntheses: Wherever practicable, synthetic 

methods should be designed to use and generate substances that 

possess little or no toxicity to human health and the environment. 

4. Designing Safer Chemicals: Chemical products should be designed to 

affect their desired function while minimising their toxicity. 

5. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., 

solvents, separation agents, etc.) should be made unnecessary 

wherever possible and innocuous when used. 

6. Design for Energy Efficiency: Energy requirements of chemical 

processes should be recognised for their environmental and economic 
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impacts and should be minimised. If possible, synthetic methods 

should be conducted at ambient temperature and pressure. 

7. Use of Renewable Feedstocks: A raw material or feedstock should be 

renewable rather than depleting whenever technically and 

economically practicable. 

8. Reduce Derivatives: Unnecessary derivatization (use of blocking 

groups, protection/ deprotection, temporary modification of 

physical/chemical processes) should be minimised or avoided if 

possible, because such steps require additional reagents and can 

generate waste. 

9. Catalysis: Catalytic reagents (as selective as possible) are superior to 

stoichiometric reagents. 

10. Design for Degradation: Chemical products should be designed so that 

at the end of their function they break down into innocuous degradation 

products and do not persist in the environment. 

11. Real-time analysis for Pollution Prevention: Analytical methodologies 

need to be further developed to allow for real-time, in-process 

monitoring and control prior to the formation of hazardous substances. 

12. Inherently Safer Chemistry for Accident Prevention: Substances and 

the form of a substance used in a chemical process should be chosen 

to minimise the potential for chemical accidents, including releases, 

explosions, and fires. 

Thus, in 2000, Roger Sheldon defined Green Chemistry as follows:
9
 

“Green chemistry efficiently utilises (preferably renewable) raw 

materials, eliminates waste and avoids the use of toxic and/or 

hazardous reagents and solvents in the manufacture and application of 

chemical products.” 

However, Green Chemistry does not consider either the economic or social 

perspective. A sustainable improvement involves the so-called three pillars of 

sustainability (or three Ps): people (social), planet (environment) and profit 

(economic elements) (Figure 1.1).
10-12

 The concept of sustainable 

development was first introduced in 1987 as follows:
13
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“(…) development that meets the needs of the present generation 

without compromising the ability of future generations to meet their own 

needs.” 

For a synthetic process to be both green and sustainable, it needs not only to 

take into consideration the 12 Principles of Green Chemistry, it must also 

consider societal and economic concerns.
14

 A balance between socio-

economic, eco-efficiency and socio-ecological metrics corresponds to all the 

aspects of sustainability. 

 

Figure 1.1 – Sustainability metrics Venn Diagram. The overlapping region of these three circles (S) 

corresponds to all three aspects of sustainability being fulfilled. 

 

In the late 20
th
 century, awareness of the environmental degradation, 

concerns for human health and the possible depletion of fossil fuels caused 

by its large consumption for energy,
15

 lead to an increased interest in using 

renewable resources (Figure 1.2). 

Economic
(profit)

Ecological
(Planet)

Eco-efficiency 
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Figure 1.2 – Global energy consumption from fossil fuels (– black line, based on coal, oil, petroleum 

and natural gas products) and alternative sources (– green line, based on non-carbohydrate clean 

energy, based on hydropower, nuclear, geothermal and solar power). (data obtained from IEA 

Statistics
16-17

) 

 

Most of the non-renewable resources are used for the production of fuels, 

useful for transportation (diesel, gasoline and kerosene). A minor portion of 

these non-renewable feedstocks are also used for the production of 

economically important chemicals, such as plastics.
18-19

 The “plastic age” 

started at the beginning of 1900’s and is still present today (Figure 1.3).
20

 At 

the time, due to the vast availability of cheap fossil fuels appropriate for the 

production of a variety of materials, Yarsley & Couzens (1945) stated that “the 

possible applications [of plastics] are almost inexhaustible” and this has turned 

out to be very true.
21

  

The global production of plastics has reached 335 million tonnes (2016)
22

 per 

year and more than 98% comes from petrochemical starting materials.
23

 This 

represents 6% of global oil consumption.
24

 Therefore, there has been also an 

increased interest in the production of materials from renewable sources and 

that plastics never became a waste.
24-25
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Figure 1.3 – Plastic production in million tonnes, Mt, since 1900. Note: A) polymer invention and 

development (until today), B) biopolymers, C) product/usage diversification, D) accumulation in natural 

habits, E) concerns for wildlife, F) concerns for human health, G) legislation. (adapted from Thompson, 

et al. 
20

) 

 

1.3. The bioeconomy challenge  

Political considerations have been applied worldwide regarding these issues, 

in particular the importance of recycling. The postconsumer plastic waste 

regeneration in Europe, from 2006 to 2014, was 25 million tonnes (annual 

average).
26

 In the beginning of 2018, Plastics Europe (Association of Plastics 

Manufacturers) released figures regarding the yearly amount of plastics waste 

that had been collected, recycled, used for energy recovery or sent to landfill 

(Figure 1.4).
27

 From 2006 to 2016, the volumes of plastic waste recycled 

increased almost 80% and the amount sent to landfill decreased by 43%. 

Ideally, landfill should eventually reach 0 t. Energy recovery (increased by 

61%) using waste as a starting material, combined with heat, is a very 

important and viable alternative for plastic waste which cannot be recycled 

(some materials cannot be recycled due to contamination and product quality).  
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Figure 1.4 – Total plastics waste recycled (blue line), energy recovery (orange line), landfill (grey line) 

and collected (yellow line). (Adapted from Plastics 
27

) 

In December 2015, the European Commission (EC) adopted an EU Action 

Plan for a circular economy – an economy in which plastics never become 

waste. Two years later, in 2017, the EC revealed another goal, confirming that 

it will work towards plastic production and use, ensuring that all plastic used 

for packaging will be recyclable by 2030.
28

 An overview of the global flow of 

plastics used for packaging, in 2013, is showed below (Figure 1.5)
24

. 40% of 

these plastics are landfilled and 32% “lost”, either in the collection system or 

is illegally dumped or mismanaged. 14% is sent to incinerators and/or 

converted into energy. Nevertheless, only 14% is collected for recycling.  

To successfully meet all these targets (where plastics never become waste), 

the EC has implemented a framework programme (FP), started in 1983, to 

support and foster research in the European Research Area.
29
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Figure 1.5 – Global flow of plastics for packing using, in 2013. Note: 
1
 Closed-loop recycling: recycling 

of plastics into the same or similar-quality applications; 
2
 cascaded recycling: recycling of plastics into 

other, lower-value applications. (Adapted from World Economic Forum and Foundation 
24

). 

1.3.1. The importance of using biomass  

The 7
th
 principle of Green Chemistry is to “use renewable feedstocks” rather 

than fossil resources. The fast-growing world population is leading to an 

increased demand for energy, resources, and the consumption and 

production of different materials, such as plastics.
30

 All of which are depleting 

fossil feedstocks. For this reason, the introduction of renewable carbon 

resources, such as biomass and waste, into synthetic procedures is of high 

interest. Biomass refers to “any organic matter that is available on a renewable 

or recurring basis including dedicated energy crops and trees, agricultural 

food and feed crop residues, aquatic plants, wood and wood residues, animal 

wastes, and other waste materials”.
31

 Such examples are: industrial and public 

wastes, agricultural residues, organic household, various wood and energy 

crops (e.g. oilseed crops). The main components of biomass include; 

carbohydrates (cellulose, lignocellulose crops, starch and sugar crops), lipids 

(fats, waxes and oils), proteins, aromatic compounds – lignin, and ash (non-

carbon minerals, e.g. calcium, phosphorous, potassium, etc.). In theory, using 

biomass as a raw material could provide an estimated volume of 1.7–2.0x10
11
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tons per year at world level yet, only 3% is currently used for food and non-

food applications (e.g. chemical industry and biomaterials).
30

  

The plastic industry is one of the largest users of fossil fuels and the price of 

these plastics materials is critically dependent on the price and availability of 

petrochemical feedstocks.
26

 Therefore, alternative routes need to be 

investigated in order to produce new materials not dependent on non-

renewable resources.  

1.3.2. Monomers and polymers from oxygen and hydrocarbon-rich 

biomass 

One of the major aims in the polymer industry is to develop polymers that 

replace fossil fuel based materials. Polymers have a wide range of 

applications. One example is as packaging materials, which represents the 

largest market share of plastic resins.
32

 Although inexpensive, useful and 

durable, fossil-based plastics can cause severe environmental problems due 

to their disposal, since they do not biodegrade.
33

 A good alternative feedstock 

to these non-renewable resources for the production of polymers can be 

biomass. 

Monomers and their subsequent polymers derived from biomass can be 

classified based on their origins:
34

 

1. Oxygen-rich biomass: such as carboxylic acid (e.g. succinic acid, lactic 

acid), polyols (e.g. glycerol and sorbitol) and furan 

2. Hydrocarbon-rich biomass: such as vegetable oils (e.g. vernonia oil), 

fatty acids (e.g. vernolic acid) and terpenes 

This Thesis focuses on succinic acid, glycerol and vernonia oil as potential 

biomass sources. Therefore, in this section, a more detail description about 

these compounds will be given. 
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1.3.2.1. Polymers from oxygen-rich biomass 

Succinic acid (SA, butanedioic acid) is an intermediate of tricarboxylic acid 

cycle (TCA, known as Krebs cycle) and also an end product of anaerobic 

fermentation.
35

 Due to growing environmental concerns, the demand for the 

production of bio-based SA has increased (Figure 1.6).  

 

Figure 1.6 – Schematic representation of the possible pathways for succinic acid (SA) production. Note: 

the synthetic route using petrochemical resources is highlighted through the dashed black box (left); the 

bio-based SA is highlighted through the dashed green box (right). (adapted and modified from 

Bechthold, et al. 
36

) 

Succinic acid has been used industrially for the production of copolyesters.
37-

39
 Poly(butylene succinate) (PBS), under the trade name BioPBS

TM
, was 

developed by Mitsubishi Chemical Corporation.
37

 This polymer results from 

the polycondensation of bio-based SA and 1,4-butanediol (1,4-BD) and it is 

used in food packaging (Figure 1.7). Showa Denko, from 1993-2016 produced 

PBS biodegradable polymer, under the trade name Bionalle
®
, using SA, 1,4-

BD and ethylene glycol as building blocks.
38-39

 However, in 2016-2017 the 

production of Bionalle
®
 was terminated due to “the delay in permeation of 

environmental regulations on plastic shopping bags and a fall in market prices 

of biodegradable plastics”.
40

 

 

Figure 1.7 – Schematic representation for the synthesis of poly(butylene succinate) through the 

polycondensation of succinic acid and 1,4-butanediol. 
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Glycerol (1,2,3-propanetriol, also known commercially as glycerine) occurs in 

nature as a product of fat hydrolysis but it can also be obtained as a by-product 

of biodiesel production (Figure 1.8). Currently,  glycerol is mainly obtained 

industrially from biodiesel (60-70%, in 2015), the rest from fatty acid (FA) and 

fatty alcohol production, and a minor fraction is obtained from soap making.
41

 

 

Figure 1.8 – Schematic representation of the possible pathways for glycerol production. Note: FA = fatty 

acids; FAME = fatty acid methyl ester.  

After more than 20 years of commercial used in Europe, biodiesel has proven 

to be a good alternative fuel
42

 and the continuing biodiesel production is 

leading to large surpluses of glycerol. Generally, 10-20% of the total volume 

of biodiesel produced is made up of crude glycerol as a waste product.
43

 Most 

of the biodiesel production uses homogeneous catalysts resulting in crude 

glycerol containing methanol, soap, water, glycerides and ash , causing it to 

have few direct uses without purification.
41

 The glycerol obtained from 

biodiesel production needs to be purified to at least 99.5 wt.% and the process 

requires high-temperature and vacuum distillation. Nevertheless, Benefuel, a 

new biodiesel plant, is using a heterogeneous catalyst in which glycerol is 

obtained with high purity (>98%) as a by-product.
44

 This will allow its direct 

conversion into other commercially attractive chemicals.  

The glycerol price is inversely proportional to biodiesel production.
43

 This 

means that a high production of biodiesel results in increasing quantities of 

glycerol and consequently its price falls (Figure 1.9). 

Vegetable oil/animal fat

(soap and FA) (biodiesel)

FA + water + glycerol Biodisel (FAME) + glycerol

transesterificationhydrolysis
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Figure 1.9 – Projection of global annual production and price of glycerol.
43

 

Therefore, glycerol offers great opportunities in the development of new 

chemicals and compounds. The polycondensation of glycerol with dicarboxylic 

acids (azelaic, glutaric, iminodiacetic, sebacic and succinic acid, to name a 

few)
45-50

 has been studied recently and it is an example of using this valuable 

by-product from biodiesel production.  

The polycondensation of glycerol with succinic acid will be the main focus in 

Chapter 3.   

1.3.2.2. Polymers from hydrocarbon-rich biomass 

Vegetable oils represent another possible alternative feedstock for the 

synthesis of new chemicals and materials and its production has recently 

increased (Figure 1.10). Most vegetable oils have several applications, for 

example as food (65%), biofuels (20%) and chemical feedstocks (15%).
51
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Figure 1.10 – Global oil production between 1999-2013.
52

  

Palm oil is the most produced oil worldwide and is one of the cheapest. It is 

mainly used in the food and cosmetic industries.  The direct use of unmodified 

vegetable oils is limited due to their low oxidative stability.
53

 The bis-allyl 

hydrogens present are susceptible to free radical attack, hence undergoing 

oxidative degradation to form polar oxy compounds (lipid peroxidation, Figure 

1.11).
54-55

 Therefore, taking advantage of the C=C double bonds in the FA 

chains, allowed the addition of functional groups such as an oxirane ring. 

However, the epoxidation process used to add the ring involves the use of 

volatile solvents, which is not ideal from a sustainable point of view (see 

section 5.2.2. of this Thesis).  

 

Figure 1.11 – Schematic representation of lipid peroxidation. Note: the hydrogen abstraction occurs in 

the methylene group in between the two C-C double bonds, in the presence of atmospheric triplet 

oxygen (
3
O2) giving a radical (step 1); the addition of oxygen is a fast step (step 2, β-fragmentation), this 

step is reversible; competing with β-fragmentation is the trapping of the peroxyl radical (hydroperoxide) 

by transfer of a hydrogen atom from an available bis-allylic methylene group (step 3 – slowest step)
56
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Natural epoxy vegetable oils, such as vernonia oil, offer a great opportunity 

for the synthesis of epoxy coatings,
57

 thermoplastics
58

 and biodegradable 

polymers.
59

 In addition, since they naturally contain a oxirane rings, the 

drawbacks associated with the synthetic epoxidation process can be avoided.  

Carlson, et al. 
57

 used vernonia oil (extracted from Vernonia galamensis grown 

in Kenya and Puerto Rico, using n-hexane) to synthesised epoxy coatings by 

applying high temperatures (150 – 200 ºC) for 10 to 120 min. The synthesised 

materials gave good adhesion and flexibility properties. Depending on the 

baking temperature the vernonia-based coatings HAD different colours. At 

150 ºC the coating material was colourless while at 200 ºC it was golden 

yellow. The synthesis of vernonia-based cross-linked rubber-like elastomers 

was accomplished by reacting vernonia oil with the aromatic diamine m-

phenylenediamine (m-PDA) and stearic acid (as catalyst), resulting in a 

thermoresistant elastomer (Figure 1.12).
60

 

 

Figure 1.12 – Schematic representation for the synthesis of vernonia-based cross-linked rubber-like 

elastomers. 
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Polymer syntheses using monomers derived from vernonia oil are reported in 

this Thesis, in both Chapter 5 and 6. 

1.3.3. Renewable and biodegradable polymers 

According to green and sustainable development, the desire to obtain 

polymers from renewable feedstocks, with optimal properties for applications 

(like drug delivery, gene therapy, cosmetic, tissue engineering, implantation 

devices and construction materials), has grown in the last two decades.
61-62

 

There are two main drivers for the developing interest in bioplastics: their 

synthetic route and their disposal (Figure 1.13).  

 

Figure 1.13 – Representation of commercial plastic materials based on the synthesis method and their 

disposal. Note: a) biodegradable polymers synthesised from bio-based intermediates; b) naturally 

occurring biodegradable polymers; PE = polyethylene; PVC = poly(vinyl chloride); PET = poly(ethylene 

terephthalate); PTT = poly(trimethylene terephthalate); PBT = poly(butylene terephthalate); PLA = 

polylactide; PHA = poly(hydroxyalkanoate); PBS = poly(butylene succinate); PP = polypropylene; PS = 

polystyrene; PCL = poly (ε-caprolactone); PBAT = poly(butylene adipate-co-terephthalate). (adapted 

from Ross, et al. 
26

) 

Useful bio-based polymers such as polyethylene terephthalate (PET), 

polyethylene (PE), poly(vinyl chloride) (PVC) and poly(butylene terephthalate) 

(PBT) are non-biodegradable. By contrast, poly (ε-caprolactone) (PCL) 

although biodegradable, is produced from fossil feedstocks. Biodegradable 

and bio-based (biorenewable), although often used in conjunction with one 

another, have two different meanings. A biodegradable polymer is a material 

that can break down into smaller units easily. If something is biorenewable it 

means that comes from renewable resources, which is a very important 

requirement for green and sustainable polymers.  
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Fossil-based

Non
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1.3.3.1. Commercial polyesters  

Among the biodegradable and biorenewable polymers, polylactide (PLA) is 

the most studied due to its wide range of applications including agricultural 

films,
63

 food packaging,
63

 drug delivery system
64

 and biomedical devices.
65

 

PLA can be obtained by the condensation of lactic acid (LA) or by the ring-

opening (ROP) of lactide. It is commercially produced through ROP of lactide, 

using corn as feedstock (Figure 1.14).  

 

Figure 1.14 – Commercial production of PLA (adapted from Castro-Aguirre, et al. 
66

). 

 

Polyhydroxyalkanoates (PHAs) are another extensively studied polymer.
67-70

 

Similar to PLA, PHA is connected to a carbon-neutral footprint meaning its 

degradation does not increase atmospheric CO2 levels.
71

 PHA is produced by 

microorganisms and biodegradable through enzymatic degradation. There are 

different types of PHA: polyhydroxybutyrate (PHB), polyhydroxyvalerate 

(PHV), polyhydroxyhexanoate (PHH) and polyhydroxyoctanoate (PHO).
67

 

PHB, under the trade name Biopol, is produced through the fermentation of 

plants and sugars and has similar properties to polypropylene (PP).
72

 Since 

PHAs are biodegradable, biocompatible and biorenewable, they have been 

used in several industry sectors, such as in tissue engineering and drug 

delivery.
73
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PCL is a hydrophobic aliphatic polyester composed of hexanoate units. PCL 

can be obtained by either ROP of ɛ-caprolactone
74

 or condensation of 6-

hydroxyhexanoic acid
75

 (Figure 1.15). Industrially, ɛ-caprolactone is 

synthesised from the oxidation of cyclohexanone by peracetic acid.
76

 Tissue 

engineering, drug delivery, medical devices and packaging are the industrial 

sectors where PCL is applied, due to its biodegradability and 

biocompatibility.
77

  

 

Figure 1.15 – Polycondensation of polycaprolactone (PCL) via ROP of ɛ-caprolactone or 

polycondensation of 6-hydroxyhexanoic acid. 

1.3.3.2. Biodegradation  

These aliphatic polyesters, PBS, vernonia-based polyesters, PLA, PHA, PCL 

and PBS all have a characteristic ester linkage present in their backbone. This 

bond can be easily hydrolysed in acidic or basic medium (Figure 1.16). In 

addition, these polymers can also biodegradable enzymatically.
78

 The 

degradation process depends on the degree of crystallinity (Xc), chain 

flexibility, macroscopic structure (surface area) and molecular weight.
79-80

 For 

example, a polymer with a higher chain flexibility will be easier to degrade 

enzymatically (hydrolases and lipases) since more sites will be accessible to 

water for hydrolysis. Increased flexibility will also allow the polymer chain to fit 

better into the active site of enzymes. Therefore, increasing chain flexibility 

increases the degradation rate. In addition, water does not diffuse in crystalline 

polymers.
80

 Hence, amorphous polymer regions will degrade faster than 

crystalline regions. A further factor that influences degradation rate is the 

melting point. The higher the melting temperature of the polymer, the lower 

the degradation rate will be due to the chain mobility.
81
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Figure 1.16 – Schematic representation of the hydrolysis of polyesters by A) basic and B) acidic 

catalysis. Note: the wavy lines corresponds to the polymer chain. 

1.4. Polymers 

The synthesis of polyesters via polycondensation will be the main focus of the 

Thesis. Hence, a detailed description of the synthesis procedures of 

polyesters is presented in this section. 

1.4.1. Introduction to polymers 

There are two main processes used to synthesise polymers: step growth and 

chain-growth polymerisations (Figure 1.17).  

 

Figure 1.17 – Schematic representation of the two main polymerisation processes, A) step-growth and 

B) chain-growth polymerisation. 
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polymer chain grows in steps. An example of a step growth polymerisation is 

the polycondensation of bifunctional monomers (Figure 1.18 A)). 

 

Figure 1.18 – Schematic representation of the synthesis of polyesters through A) polycondensation of 

bifunctional monomers and B) ROP of cyclic esters. 

In chain-growth polymerisation the polymer chain grows by addition of 1 

monomer unit at a time(Figure 1.17 B)). An example is the ROP of cyclic 

esters (Figure 1.18 B)). 

An important parameter is molecular weight (as this gives information about 

the size of the polymer).  It can be expressed as the number-average (Mn, 

Equation 1.1) or as the weight-average (Mw, Equation 1.2). The ratio between 

these averages measures the distribution of the molecular weight of the 

polymer, and it is denominated as dispersity (Đ, Equation 1.3). A 

monodispersed polymer containing only a single molecular weight will have 

Mn equivalent to Mw, where Đ is equal to 1. 

Mn=
total weight of sample

number of molecules of Ni

=
NiMi

Ni

 

Equation 1.1 – Determination of the number-average molecular weight (Mn). Note: Ni = total number of 

chains with degree of polymerisation of i; Mi = molecular weight of chain with a degree of 

polymerisation i. 

Mw=
NiMi

2

Ni Mi

 

Equation 1.2 – Determination of the weight-average molecular weight (Mn). Note: Ni = total number of 

chains with degree of polymerisation of i; Mi = molecular weight of chain with a degree of 

polymerisation i. 

Đ=
Mw

Mn

 

Equation 1.3 – Determination of the polymer dispersity (Đ). 
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1.4.1.1. Synthesis of polyesters via polycondensation 

The polycondensation of bifunctional monomers is accompanied by the 

formation of a small molecular weight molecule, a by-product. For example, 

when dicarboxylic acids react with diols, the product will be water whilst the 

condensation between dimethyl ester and diols, yields methanol. The 

elimination of the by-product is crucial for a successful formation of polymer. 

Esterifications are equilibrium reactions. Removal of the by-product 

condensate (water) will avoid depolymerisation and will shift the reaction 

towards the formation of high molecular weight polymer according to the 

principle of Le Chatelier.
82

 The removal of water can be accomplished by heat, 

high energy vacuum or by a flow of argon or nitrogen.
82

 All of these techniques 

aid mass-transfer, making it more favourable for the by-product in the reaction 

medium to be transferred to the vapour phase, thus driving the reaction 

forward. As an alternative, molecular sieves can be used to absorb the low 

molecular weight by-product.  

There are other factors that might influence the synthesis of high molecular 

weight polymers in polycondensation reactions. For example, side-reactions 

might occur such as intramolecular ring closure (cyclisation), hydrolysis, inter-

chain transesterification and reaction with mono-functional impurities.
83

 In 

addition, the stoichiometric balance between the functional groups is also 

crucial to obtain high molecular weight polymers (e.g. the ratio between 

hydroxy groups and carboxy groups). An imbalance (even small) in the 

monomer feed will affect the degree of polymerisation (DP) (see section 

3.2.2.1 from this Thesis). All these factors could significantly affect the 

molecular weight of the desired polymer. 

Useful polyesters are currently produced industrially through 

polycondensation such as PET (Figure 1.19 A)) and PBS (PGA, Figure 1.19 

B)). Both plastics are used for the production of bottles and packaging. 

Generally in industry, one of the monomers (carboxylic acid or diol) is used in 

excess to allow for losses.
84

 When either monomer has a low melting point, 

applying vacuum or azeotropic conditions (needed to remove the by-products 

of the reaction, e.g. water), can lead to monomer loss.  
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Figure 1.19 – Commercial polyesters A) poly(ethylene terephthalate) (PET) and B) poly(buthylene 

succinate) (PBS). 

In general, polycondensations are considered to be slow reactions and to 

obtain high molecular weight polymers high temperatures are required. It is 

important to control the stoichiometric balance between functional groups and 

to remove the by-product of the polycondensation reaction. Due to the 

formation of a by-product, condensation reactions have a low atom economy.  

1.4.1.1.1. Linear polyesters 

Linear polyesters can be obtained by the condensation of two monomers 

(dicarboxylic acid and diol, Figure 1.20 A)) or by the self-condensation of a 

hydroxy acid (Figure 1.20 B)). For the latter, the monomer must contain both 

hydroxyl and acid functionalities. These reactions have been performed using 

organic acid (e.g. p-toluenesulfonic acid, PTSA
85

) or metal catalysts (such as 

titanium (IV) isopropoxide, TTIP
86

) at high temperatures.  

 

Figure 1.20 – Schematic representation of A) polycondensation of two monomers, dicarboxylic acid and 

diol and B) self-condensation of a hydroxy acid. 

As mentioned, high temperatures are needed for polycondensations 

(> 150 ºC), this is to guarantee that the monomers are in the melt phase, to 

successfully remove the by-product of the reaction and to also overcome 

issues associated with viscosity increases as the polymer grows
87

 As an 

example, Debuissy, et al. 
86

 performed the polycondensation of succinic acid 

(SA) and/or adipic acid (AA) and 1,3-propanediol (1,3-PDO) applying a two-

stage melt condensation (Figure 1.21). In the first stage, the reagents were 
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heated to 190 ºC for three hours in order to synthesise oligomers. To remove 

the by-product of water, vacuum (200 mbar) was applied to the system. The 

catalyst (0.1 mol% relative to the amount of diacid) was added into the system 

such as dry toluene. In the second stage, the reaction temperature was 

increased to 230 ºC and the pressure was decreased to 1-3 mbar. After 4 

hours, polymers with a molecular weight of 24,000-38,200 Da (1.7< Đ < 1.9) 

were obtained. 

 

Figure 1.21 – Schematic representation of the two stage polycondensation synthesis of 1,3-propylene 

succinate-ran-1,3-propylene adipate) (PPSA) copolyesters, using succinic acid (SA) and/or adipic acid 

(AA) and 1,3-propanediol (1,3-PDO) as monomers.
86

  

1.4.1.1.2. Polyesters from multifunctional monomers 

The combination of An and Bm or AB monomers where n and/or m > 2, the 

resulted polymers can be branched or cross-linked.
88

 As an example, the 

polycondensation of glycerol with diacids has been studied in detail and using 

metal catalysts, branching is expected (Figure 1.22). The main reason for this 

branching is that these types of catalyst do not show any regioselectivity 

towards primary versus secondary hydroxy groups and hence, a polymeric 

network is formed. A more detailed description of branched polymers can be 

found in section 3.2.2.1.  

HO

O

O

OH

HO

O
OH

O

HO OH

O

O

O

O O

O

O

O O H
mn

and/or +

1) 190 ºC, 3h, Ar flux
2) TTIP, 210 ºC, 45 min, Ar flux
3) 230 ºC, 3-4h, 1-3 mbar



Chapter 1.   Introduction 

 23 

 

Figure 1.22 – Schematic representation of a cross-linked material resulting from the polycondensation 

of glycerol and a dicarboxylic acid. 

1.5. Enzymatic polycondensations 

1.5.1. Introduction 

Over the last two decades, the field of enzyme-catalysed polycondensations, 

especially lipase-catalysed, has developed rapidly and become an important 

route to synthesise polymeric materials. Using enzymes as catalysts has 

several advantages, such as high efficiency, recyclability (when immobilised), 

the ability to operate under mild conditions and a low environmental impact.
89

 

Additionally, enzymes can be chemo-, regio- and enantioselective.
90

 However, 

there are some drawbacks to using enzymes. “Free”-enzymes are sensitive 

to the environment but, when immobilised, enzymes can tolerate harsh 

environments including temperatures higher than 100 ºC and pressures above 

100 bar.
90

 “Free”-enzymes are expensive but, if immobilised, they can be 

reused; and due to the rapid development in molecular biology, the cost of 

enzyme production is constantly dropping.
91

 

Enzymes are proteins which can have high catalytic activity and specificity 

towards certain chemical reactions.
92

 Enzymes are divided into six main 

classes, on the basis of the reaction they catalyse (Table 1.2).
93
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Table 1.2 – The six main classes of enzymes established by the International Union of Biochemistry in 

1955.
93

 

Enzyme class Type of reaction catalyzed 
Oxidoreductases Oxidation/reduction reactions 

Transferases Transfer an atom or group between two molecules 

Hydrolases Hydrolysis reactions 

Lyases Removal of a group from substrate (not by hydrolysis) 

Isomerases Isomerisation reactions 

Ligases 
The synthetic joining of two molecules, forming a new 

chemical bond 

1.5.2. Lipases 

Hydrolases are responsible for the breaking of chemical bonds by hydrolysis. 

Lipase is an example of an enzyme that falls in to the hydrolase category and 

it can be used in polymer chemistry.
89

 Candida antarctica Lipase B (CaLB) is 

widely used in the hydrolysis and synthesis of esters.
94

 CaLB immobilised on 

macroporous resin – Novozyme
®
 435 (10% by weight of lipase), is the most 

common enzyme used for polymerisation reactions.
95

 The active site of this 

protein is located in the core of the protein (Figure 1.23), at the bottom of a 

funnel-like structure which has a highly hydrophobic surface. The limited 

available space and hydrophobicity in the active site explains its high 

selectivity.
96

 The catalytic triad of CaLB is composed of serine-histidine-

aspartate (Ser
105

, His
224

 and Asp
187

).
96

 The catalytic mechanism is well 

understand (Figure 1.24). Li, et al. 
96

 evaluated the conformational stability of 

this lipase in the presence of both polar and nonpolar solvents. The authors 

determined that there is an intensive interaction between the active site and 

polar solvents, such as methanol, which might destroy the hydrogen bond 

between Ser
105

 and His
224

. Moreover, CaLB gave higher activity in 

hydrophobic solvents such as hexane, toluene and diphenylether.
97

  

CaLB can also catalyse the hydrolysis of polyesters. Therefore, the removal 

of the by-products is important during poly-esterifications to drive the 

equilibrium towards product formation. It is important to mention that ester 

bonds in the polymer backbone can undergo nucleophilic attack by the Ser
105

 

(catalytic triad) of the lipase resulting in polymer chain breaking.
98
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Figure 1.23 – Representation of the A) Candida antarctica lipase B and its B) active site, showing the 

catalytic triad serine-histidine-aspartate. (Images obtained using UCSF Chimera software
99

) 

The optimum temperature range for Novozyme
®
 435 is 30-60 ºC (declared by 

the supplier). However, this enzyme has shown good activity at higher 

temperatures (100 ºC).
100

 Yet, in the presence of toluene at 80 ºC for 24 h, a 

swelling of the macroporous acrylic resin has been observed, which was found 

to reduce the catalytic activity of this enzyme.
101

  

1.5.3. Enzymatic production of polyesters 

There are several studies where researchers investigated different enzymes 

(lipases) at varying concentrations to explore the effect on the molecular 

weight of polymers synthesised through polycondensation. As an example, 

Uyama et al. performed the polycondensation of 1,4-butanediol (BDO) and 

sebacid acid (SbA) at 60 ºC (8 hours reaction) using different lipases: Candida 

antarctica lipase B (CaLB), Mucor miehei lipase (MmL), Pseudomonas 

cepacia lipase (PcL), Pseudomonas fluoroscens lipase (PfL) and Porcine 

pancreatic lipase (PpL).
102

 Only CaLB, after an 8 hours reaction, obtained a 

polymer with a molecular weight of 3,800 Da (Đ = 1.3) in a bulk system. In the 

presence of diisopropyl ether, only CaLB (8h) and MmL (48h) obtained 

polymers with a molecular weight of 2,000 (Đ = 1.3) and 2,700 (Đ = 1.4), 

respectively. Increasing the CaLB catalysed reaction time to 48h, resulted in 

a polymer with higher molecular weight (6,700 Da, Đ = 1.6). 
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Figure 1.24 – Catalytic mechanism of CaLB for hydrolysis or transesterification. In the first step, Ser
105

 

(nucleophile) attacks one ester group of the substrate (e.g. diacid or diester). The substrate acts as the 

acyl donor and the first transition state (TS1) is formed. The negatively charged part of TS1 is stabilised 

by three hydrogen bonds (represented by dashed lines) within the oxyanion hole – pocket in the active 

site formed by two aminoacids that can stabilised negative charges. The positive charge on His
224

 is 

stabilised by interaction with Asp
187

. A proton transfer from the His
224

 to the alkyl oxygen of the substrate 

takes place and the leaving group is released (e.g. H2O when the substrate is a diacid, or an alcohol 

when the substrate is a diester) leading to the formation of the acyl-enzyme complex. Afterwards, this 

complex reacts with the incoming nucleophile (e.g. diol). A proton is transferred from the diol to the His
224 

residue
 
and a second transition state (TS2) is formed which is stabilised by hydrogen bond interaction 

with the oxyanion hole. Finally, in a last step, the enzyme is de-acylated to form the ester, which is then 

released, leaving the free enzyme ready for a new catalytic cycle. (Adapted from Veld and Palmans 
103

) 
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Other examples of enzymatic production of polyesters can be found in section 

3.2.3.2 of this Thesis. 

1.6. Sustainable reaction media – alternative solvents 

The sustainability of a synthetic process and the techniques used are also 

important towards the formation of green products. Avoiding using volatile 

organic solvents (bulk system) might be the answer. Nevertheless, in polymer 

chemistry, avoiding organic solvents would not be enough. To decrease the 

viscosity of the polymer, high temperatures (> 150 ºC) are required. 

Supercritical fluids (SCFs) have received a lot of attention as alternative green 

and sustainable solvents.
104-110

 

A SCF can be defined as any substance, above its critical pressure (pc) and 

critical temperature (Tc) (Figure 1.25). Once the compound, or mixture, is 

above the critical points, it exists in only one phase (Figure 1.25 A)). 

Supercritical fluids are neither a liquid nor a gas (Table 1.3). They can have 

gas-like diffusivities and low viscosity – which is exceptional for mass transfer 

properties, and also liquid-like densities – which allow the solvation of many 

compounds.
111

 

 

Figure 1.25 – Phase diagram of a SCF, illustrating the temperature-pressure relationship between solid, 

liquid, gas and supercritical phases. Note: pc = critical pressure and Tc = critical temperature. 
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Table 1.3 – Comparison of the physical properties of gases, supercritical fluids and liquids.
111

  

 Density (ρ, kg m-3) Viscosity (η, Pa s) Diffusion effect (D, m2 s-1) 
Gas 1 10

-2
 10

-5
 

SCF 100-800 0.005-0.01 10
-7

 

Liquid 10
3 

0.05-0.1 10
-9 

Small changes in the temperature will significantly influence the density of the 

fluid (Figure 1.26). These tuneable characteristic of SCFs make them 

interesting reaction media and they have been used in several different fields, 

such as biodiesel production
110

, extractions
104

, polymer synthesis
112

 and even 

decaffeination of coffee
107

.  

 

Figure 1.26 – Isothermal change in CO2 density, increasing the pressure from 0 to 300 bar, at different 

temperatures. Note: the data was obtained from the National Institute of Standards and Technology 

(NIST).
113

 

 

1.6.1. Supercritical carbon dioxide  

With regards to environmental concerns, supercritical carbon dioxide (scCO2) 

represents an environmentally friendly alternative to traditional solvents. CO2 

is naturally abundant with high purity. Moreover, it is generated in industrial 

plants (such as ammonia, hydrogen and ethanol plants and in electrical power 

generation stations), offering opportunities to recycle and reuse it. CO2 has 

relatively low critical parameters: pc = 73.8 bar and Tc = 31.1 ºC. Using scCO2 

has several advantages:
114
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2. Is non-flammable  

3. It has low toxicity  

4. It is relatively inert 

5. It has high mass transfer and diffusivity 

6. It generally has the ability to lower the viscosity of reaction media 

7. Its density can be easily tuned from gas to liquid values merely by 

changing the pressure and/or temperature of the fluid
108

 

8. It is characterised by a low dielectric constant (ε ≈ 2), which make it a 

good solvent to non-polar molecules with low molecular weight  

9. Leaves a clean, dry and solventless product 

Moreover, it fulfils several of the 12 principles of green chemistry: 1) 

prevention, 4) safer chemicals, 5) safer solvents, 7) the use of renewable 

feedstocks. 

Nevertheless, there are certain challenges when integrating scCO2 

industrially, including the relatively higher capital cost compared to traditional 

solvents.
115

 Some reactions required polar solvents. Since CO2 is non-polar 

and has poor solvent power. Solubility in scCO2 can require much higher 

pressures for certain classes of solutes when compared with other 

compressed solvents with higher dielectric constants. However, the polarity of 

the scCO2 can be increased with the addition of a co-solvent.   

1.6.1.1. Extraction of oils using alternative solvents: supercritical 

carbon dioxide 

Since ancient times humans have unconsciously consumed fats and oils 

through their food via plants, fish and meat. The oil was extracted by grinding, 

bruising or pressing techniques; later these techniques shifted to 

squeezing/press machines.
116

 In the 19
th
 century, Franz Von Soxhlet invented 

the automated solvent extraction system: Soxhlet extractor (in 1879).
117

 In a 

normal liquid-solid extraction, a sample is placed in a cellulose thimble and 

positioned in the Soxhlet apparatus, where boiling solvent passes through. 

After several cycles over many hours, the apparatus is dismantled and the 

solvent, now containing the extract (e.g. oil), is evaporated off, leaving the 
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desired product. Although this technique is still widely used for the extraction 

of oil from seeds, it has some drawbacks which are not desirable from a 

sustainable point of view, such as:  

a) The use of volatile solvents (for example: n-hexane for oil extraction; 

acetone or methanol for the extraction of polar components; ethyl 

acetate for the extraction of phenolic compounds, to name a few) 

b) The need to use high temperatures 

c) It has no selectivity towards triglycerides (when extracting oil). In other 

words, it extracts everything that is soluble in the solvent used; thus, 

extra steps would be required to obtained pure oil (triglycerides 

fraction) 

Therefore, a greener more sustainable approach to perform the extraction of 

oil would be desirable.  

Supercritical fluid extraction (SFE) consists of two steps:  

i. extraction of compounds soluble in the SCF 

ii. separation/fractionation of the extracted solutes from the SCF 

Essentially, there are two kinds of extractions, depending on the experiment 

purpose:
118

  

i. Carrier material separator: where the raw material becomes the final 

product, without the components that are not desirable. An example of 

this is the decaffeination process of green tea.
119

  

ii. Extract material separation: consists of the removal of desirable 

compounds, from the initial residue. Examples of this extraction 

technique  are the oil (lipids)
120

 or antioxidants extraction.
121

  

In the first instance, removal of oil with this technology does not appear 

economical, due to the cost of high-pressure batch processes. However, SFE 

has been used in the extraction of high-value oils for food, pharmaceutical and 

cosmetic applications.
122

 In fact, SFE of lipids has shown to be an ideal 
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method for extracting certain lipids as an alternative to organic solvent 

extraction.
123

  

When performing an extraction or separation process the most important 

parameters are the solubility and phase equilibrium of the systems. scCO2 

offers unusual possibilities for the selective extraction, fractionation and 

purification of natural components. It is possible to separate compounds that 

are soluble in scCO2 by modifying the properties of the solvent. The solvation 

power of a SCF can be manipulated using pressure and temperature. For 

example, decreasing the pressure will lead to a reduction in the fluid density 

and, consequently, a reduction of the solvating power. Increasing temperature 

will decrease the CO2 density, leading to a lower solvating power, hence 

reducing the solute solubility. However, the vapour pressure of the solute is 

increased with increasing temperature which, in turn increases the solvating 

power of the scCO2 and also the solute solubility. When extracting an oil, a 

mixture of fatty acids (FAs) is achieved. The ideal separation process would 

be by fractionation, based on the different compounds’ solubility in scCO2, i.e. 

the desirable compounds should be insoluble and the others compounds 

soluble in scCO2. Thus, having multiple separators would be ideal to collect 

the desired product. In 1992, Hartel et al.
124

 studied the solubility of fatty acids 

in scCO2 and the possibility of fractionating the FAs in this medium. The 

authors studied the effect of temperature and pressure on solubility of the 

following FAs: lauric, linoleic, myristic, oleic, palmitic and stearic acid.  

1.6.1.2. Supercritical carbon dioxide polymerisations 

In the field of polymer synthesis, scCO2 is used as a solvent not just from 

environmental incentive, it has many other benefits. For example, as CO2 is a 

gas at ambient conditions, by simply depressurising the system a dry, solvent 

free polymer is obtained. This removes the need for post polymerisation drying 

steps.
125

 A further advantage of using scCO2 is that it can decrease the 

viscosity of a system, removing the need for high temperature usually needed 

to reduce viscosity in traditional polymerisation.
126

 Both of these advantages 

decrease energy-intensive procedures that can be associated with 

polymerisation and thus result in a reduction of potential cost.
114
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Under scCO2 conditions, the most important effects on polymerisation 

reactions include the reduction of the glass transition temperature (Tg) of 

glassy polymers (plasticisation) allowing changes in polymer processing: 

physical properties (viscosity reduction), morphologies and subsequently 

permeable membrane.
108

 Moreover, in certain polymerisation reactions, such 

as condensation reactions, by-products, like water and hydrochloric acid, can 

be removed easily using scCO2, which will promote the reaction towards 

product formation.
109, 127-128

  

1.6.1.3. Interaction of supercritical carbon dioxide with polymers 

With the exception of fluorinated, silicone and a few vinyl polymers, scCO2 is 

a poor solvent for the most polymeric chains since they are partially or 

completely insoluble.
115, 129-131

 However, CO2 interacts with carbonyl and ether 

oxygens in esters and polyesters (Figure 1.27). Depending on the steric 

hindrance in the polyester chain the magnitude of attractive energy will be 

different.
132

 These interactions are crucial for the synthesis of polymers using 

scCO2. As aforementioned, scCO2 is very effective at penetrating between the 

polymeric chains, plasticising and liquefying several polymers, below their 

Tg.
108

 This occurs due to the interaction of CO2 and the polymer backbone and 

is a very important feature to process polymers. When using scCO2, the need 

to use high temperatures to decrease the viscosity of the polymer can be 

avoided. The increasing of the space and the free volume fraction between 

the polymeric chains in the presence of scCO2, allows them to slide past each 

other. Hence, CO2 act as plasticiser (e.g. decreases the viscosity).
133
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Figure 1.27 – Schematic representation of the interaction between carbonyl and ether oxygens with 

CO2. Note: red, dark grey and white spheres represents oxygen, carbon and hydrogen atoms, 

respectively. (adapted from Kajiya, et al. 
132

) 

1.6.1.4. Supercritical carbon dioxide enzymatic polymerisations 

As mentioned before, as well as the fact that enzymes are environmentally 

acceptable, they can also be highly active and selective and they can mediate 

polymerisations. A combination of enzymatic polymerisations using scCO2 as 

an alternative solvent is a method that has been actively studied over recent 

years.
134

 Lopez-Luna, et al. 
135

 performed the synthesis of polyester (poly(d-

valerolactone)) using CaLB (10 wt.%) and scCO2.  A polymer with a maximum 

Mn of 28,000 Da with a PDI of 1.6 was obtained at 65 °C, 300 bar for 72 hours. 

A conversion of 68% was achieved. 

The inherent gas-like low viscosity and high diffusivities of SCFs increases the 

rate of mass transfer of the substrates to the enzyme. Moreover, the liquid-

like densities of SCFs result in higher dissolution.  

The stability and activity of enzymes under scCO2 conditions depends on the 

type of enzyme, the amount of water and the conditions applied into the 

system. Additionally, the depressurisation step is important as it could lead to 

a decrease in enzyme activity.
114
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1.7. Research aims 

The key aim of this Thesis is to synthesise polyesters using greener 

approaches, focusing on the use of enzyme catalysis (CaLB) and supercritical 

carbon dioxide as the reaction medium.  

Initially, this Thesis will focus on the use of glycerol to synthesise linear 

glycerol-based polyesters with a more sustainable approach. In the literature, 

the polycondensation of glycerol with diacids is often done at high 

temperatures (> 150 ºC), resulting in branched or cross-linked polymers. In 

addition, for the production of linear polyol-based polyesters, additional 

protection and deprotection steps are required, which in terms of green and 

sustainable chemistry is not ideal. Therefore, in this work, different catalysts 

are assessed (metal and bio-catalysts), at milder conditions than the ones 

stated in the literature (bulk reactions at < 140 ºC; scCO2 reactions at 40, 50 

and 60 ºC) to test the hypothesis that it is possible to obtained linear polyol-

based polyester at near ambient temperatures with similar properties. The 

studies were supported by 
1
H-NMR, 

13
C-NMR, GPC, MALDI, FTIR and DSC. 

Afterwards, we will focus in the conversion of poly(glycerol succinate) into a 

biorenewable and biodegradable surfactant at milder conditions than the ones 

indicated in the literature (> 200 ºC). Using scCO2 and CaLB, we will focus on 

the functionalisation of PGLSA with lauric acid or methoxy poly(ethylene 

glycol). Application testing is carried out to test the proposition that PGLSA 

can be converted into a biodegradable surfactant, confirming its surface active 

properties (via several experiments).  

Finally, this Thesis also investigates the synthesis of new building blocks from 

vernolic acid, a fatty acid present in ironweed (Vernonia galamensis sp.). 

Literature lacks demonstrable evidence of using natural epoxy oil to 

synthesise valuable building blocks for the production of polyesters. 

Therefore, this work will focus on the green extraction of vernonia oil from 

ironweed using scCO2. Upon isolation of the vernolic acid, the synthesis of 

novel AB2 and A2 type monomers, valuable for polycondensation, is 

evaluated. Subsequently, the synthesis of the vernolic acid-based polyesters 
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will be considered, through polycondensation. The condensation of AB2 and 

A2 + B2 monomers is normally performed under harsh conditions (> 200 ºC). 

In this work, we will focus on using scCO2 as reaction medium to do the 

polycondensations. The studies were supported by 
1
H-NMR, GPC, and DMA. 
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CHAPTER 2. EXPERIMENTAL AND ANALYTICAL METHODS 

2.1. Overview 

This chapter describes in detail the experimental high pressure apparatus and 

the analytical techniques used to characterise the products obtained 

throughout the Thesis. 

Firstly, the general high pressure setup used for polymerisations (Chapter 3, 

Chapter 4 and Chapter 6) is here described. Information on the specific 

equipment used to carry out polymerisations and the standard operating 

procedures are given. The following equipment was used: 

A. Fixed volume view cell: to study the behaviour of samples in carbon 

dioxide, which is achieved using an in-house built stainless steel view 

cell equipped with sapphire windows. 

B. Autoclave: the in-house built clamp-sealed stainless steel autoclave 

used for polymerisations. 

Also in this chapter, the following analytical techniques, which were used 

throughout the projects are described: nuclear magnetic resonance 

spectroscopy (NMR), electrospray ionisation time-of-flight mass spectrometry 

(ESI-TOF), matrix assisted laser desorption/ionisation time-of-flight mass 

spectrometry (MALDI-TOF), gas chromatography (GC), gel permeation 

chromatography (GPC), fourier-transform infrared spectroscopy (FTIR), 

differential scanning calorimetry (DSC) and dynamic mechanical analysis 

(DMA).  The analytical methods used to assess the performance of 

synthesised polymers as surfactant are also described in detail; the surface 

tension was measured by the Wilhelmy plate method and bubble pressure 

tensiometer. To analyse the size of the potential surfactant particles, dynamic 

light scattering (DLS) was used. 

Information regarding the reactants, solvents, reaction conditions and reaction 

procedures can be found in the experimental part of the individual chapters.  
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2.2. High pressure equipment 

2.1.1. High pressure setup for polymerisation 

2.1.1.1. Carbon dioxide pump 

For all high pressure experiments, pressurised CO2 (BOC, 99.99%) was 

delivered to the autoclave using PM-101 SFE Pickel pump (New Ways of 

Analytics, Germany). The pump is composed of a gas input, a refrigerator unit 

for gas liquefaction and an outlet. The pump draws gaseous CO2 from a CO2 

cylinder (at a pressure of ~55 bar) and the gas is condensed into liquid by the 

pump refrigerator (Figure 2.1). Compressed air at 3-5 bar (supplied by an 

external compressor) is used to compress the liquefied CO2 and achieve the 

desire output pressure (200 – 300 bar) which can be set via an external knob 

on the pump.  

Swagelok
®
 high pressure stainless steel tubing was used to transport the 

liquefied CO2 to the autoclaves. 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, venting the system. Non-

return valves (NRV) were also employed before each autoclave, to prevent 

backflow and hence avoid contamination of the CO2 supply line and pump.  

 

Figure 2.1 – Scheme of the high pressure pump (PM-101 SFE Pickel pump). Note: HIP = Manual HiP 

valves; P1/2 = pressure transducer 1/2; 1/8’’ = pipe with a diameter of 1/8’’; 1/16’’ = pipe with a diameter 

of 1/16’’; R (1) = reduction union 1.  



Chapter 2.   Experimental and analytical methods 

 38 

2.1.1.2. High pressure clamp seal autoclave 

All polymerisations performed under supercritical conditions were conducted 

using a 20 or 60 mL stainless steel high pressure reactor (autoclave). These 

autoclaves were design and built at the University of Nottingham. 

The autoclave consists of two parts: the top (or head) and the base (or body) 

(Figure 2.2 and Figure 2.3). The head (Figure 2.3 c)) is attached to the body 

(Figure 2.3 d)) with a stainless-steel clamp (Figure 2.3 e)). To create a seal 

between the autoclave head and base, an O-ring, made of ethylene propylene 

diene monomer rubber (EPDM), is used. The clamp, which holds the head 

and base together secured by a screw mechanism is tightened with a 

distinctive key (Figure 2.3 i)). The safety-needle and torque thumbwheel are 

unique for each clamp and, therefore, to each autoclave. In addition, this key 

is used as a safety needle assembly (Figure 2.2 f) and Figure 2.3 f)), which is 

screwed into the autoclave head to create a seal before pressurising. The 

maximum working conditions of the autoclave is 300 bar and 300 ºC. 

  

Figure 2.2 – Cross-section view of the stainless steel high pressure reactor (autoclave). Note: the inlet 

port fittings have been omitted to simplify the cross-section view.  
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Figure 2.3 – Stainless steel autoclave with a 20 mL base.  

The autoclave was designed to include various safety features: 

a) The clamp cannot be unscrewed while the autoclave is under pressure. 

Nevertheless, in the case of valve blocking, or pipe blocking, during the 

venting process, the key can be loosened slowly, to allow residual 

pressure to be released via its vent hole 

b) The temperature and pressure monitors are connected to a trip box. To 

avoid overpressure, this trip is set to a maximum of 130 ºC and 300 bar. 

The temperature inside the autoclave is monitored using a thermocouple 

(chromel-alumel) (RS Instruments, type-K) (Figure 2.3 g)) which is connected 

to a digital heating controller (made in-house), which is linked to an external 

heating jacket (Watlow, UK) attached around the base of the autoclave. This 

allows the autoclave to be heated to the desired reaction temperature. The 

pressure is monitored using a quartz piezoelectric transducer (RDP 

Electronics, UK), which emits an electrical current when the quartz crystal 

experiences strain under pressure. The transducer is connected to a digital 
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controller (University of Nottingham) which shows the pressure in pounds-per-

square-inch (PSI; 1 bar = 14.5 PSI) (Figure 2.4 T1). A calibration is performed 

by the manufacturer, allowing precise and reproducible readouts. If the 

reaction overpressures (> 300 bar), the trip box would cut the power to the 

heating jacket (Figure 2.4). Therefore, the temperature will decrease and 

consequently, the pressure. The spring loaded pressure relief valve (SS-

4R3A, Swagelok
®
) is integrated in the head of the autoclave as a further safety 

feature to prevent the system exceeding safe working pressures (> 345 bar) 

(Figure 2.3 b)). For a normal reaction, a plate seals this valve, held tight by 

the spring of pre-set tension. In the event of over pressure, this plate and 

spring will drive back to reveal an exit route for the pressure, venting the 

system and, therefore, decreasing the pressure. All reactions were stirred 

using a magnetic coupled overhead stirrer, linked to a motor (IKA Works 

GmbH, Germany), typically set to 150 rpm (Figure 2.3 h)). All the pipes used 

in the set-up are from Swagelok
®
. 1/8’’ inlet and outlet tubing (SS316, 

Swagelok
®
) are connected directly to the autoclave. Reducing unions (Figure 

2.4 R(1), R(2) and R(3)) are used to connect the set-up to the associated pipe 

work.  
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Figure 2.4 – Scheme of the individual high pressure set-up. Note: HIP = Manual HiP valves; 1/8’’ = pipe with a diameter of 1/8’’; 1/16’’ = pipe with a diameter of 1/16’’; P1/2 = 
pressure transducer 1/2; R (1/3) = reduction union 1/3; R (2) = increasing union 2. T1 = thermocouple 1. 
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2.1.1.2.1. Standard operation procedure  

Before conducting any experiment using scCO2, the equipment set-up must 

be leak tested: 

A. Leak testing 

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 

temperature of the autoclave. 

3. The set-up was leak tested by pressurising to ~50 bar (with CO2) at room 

temperature. All fittings were checked with a leak detecting fluid called 

Snoop®. 

4. If a leak was detected, the autoclave was vented to ambient pressure 

through the outlet HiP tap (Figure 2.4 HIP (e)) and any leaking fittings were 

tightened. Fittings were never tightened under pressure. 

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

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

at atmospheric pressure.  

Following the leak test and to minimise risks and increase safety of the high 

pressure polymerisations, the following standard operation procedure (SOP) 

was followed: 

B. Polymerisation using supercritical carbon dioxide 

7. The vessel was opened and the appropriate amount of reactants, catalyst 

and molecular sieves were added to the base (of the autoclave). 

8. The autoclave was once again clamped together and purged, through the 

key hole, with a flow of CO2 (2 bar) for five minutes to flush out residual air 

from the system.  
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9. After this time, the safety key was screwed into the head to seal the vessel. 

10. The stirrer was switched on (150 rpm) and the vessel pressurised to 

around 50 bar. 

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

set to the desired value with the pressure monitored throughout the 

heating process. 

12. The autoclave was allowed to reach its final temperature and the pressure 

was increased to the desired value, if necessary, by slow addition of CO2. 

13. After the desired time, the reactions were stopped setting the temperature 

controller to 0 ºC and removing the heating jacket before, placing the 

vessel in a water/ice bath (0 °C). 

14. Once the pressure was below 20 bar, the CO2 was vented by opening the 

outlet HiP tap (Figure 2.4 HIP (e)). Generally, this would take 20 minutes. 

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

from the head of the autoclave and the Swagelok® fittings undone. 

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

2.1.2. High pressure fixed volume view cell 

To study the behaviour of samples under scCO2 conditions, a fixed volume 

(100 mL) view cell was used (Figure 2.5, Figure 2.6 and Figure 2.7). The fixed 

volume view cell was built at the University of Nottingham and is similar to the 

autoclave (described	 above, Figure 2.2). It consists of a body, heated by 

internal cartridges (Watlow, UK), attached to two heads each containing a 

sapphire window, using the same key and clamp system. The autoclave is kept 

horizontal, on a purpose-built stand, and secured in a place using a clamp 

system. The maximum operating condition for the system is 100 ºC and 300 

bar. 
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Figure 2.5 – Schematic of the 100 mL clamp-sealed stainless steel autoclave with two view ports; A) side 
view and B) front-end view of the view cell. 

 
Figure 2.6 – Fixed volume view cell (100 mL) demonstrating the autoclave set-up (left) and the i) head, 
j) Teflon spacer, k) O-ring and l) sapphire window (right) 
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Figure 2.7 – Side view of the fixed volume view cell (100 mL). 

The body of the view cell contains a CO2 inlet and a CO2 outlet pipe. The 

autoclave temperature (internal and external) is monitored by two 

thermocouples type-K (chromel-alumel, RS Components, UK), which are 

connected to a digital heating controller CAL-3300 (CAL Controls, USA). A 

transducer is placed close to the inlet pipe, in order to monitor the system 

pressure. For safety purposes, a trip switch (connected to the pressure box 

and temperature monitor) is included in the system. The presence of a 

magnetically coupled overhead stirrer allows the possibility to stir constantly, 

if needed. Nevertheless, in this Thesis, this was not used. 

2.1.2.1. Standard operation procedure  

The standard operation procedure (SOP) for the high pressure fixed volume 

autoclave was as follow: 

1. The view cell was fully assembled: 

a. EPDM O-rings were fitted around each sapphire window; 

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

(to ensure the sapphire windows were pressing against a soft surface 

and also to create a seal); 

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

fully inserted; 
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d. An EPDM O-ring was placed in the rear end of the autoclave body, then 

the back head and body were clamped together (tightening the clamp 

with the safety key). The body was positioned on a purpose-built stand 

and secured in place in the fume hood. 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 was 

clamped to the body. The clamp was tightened using the safety key, 

which was then screwed into the body of the autoclave. 

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

box. 

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

This was only removed when the autoclave was at ambient pressure. 

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

fittings were checked for leaks with a leak detecting fluid called Snoop®. 

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

outlet HiP tap and any leaking fittings were tightened. 

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 of the 

autoclave was opened. The solid materials (polymer or monomer) 

contained in an open glass vial (the vial was kept in place by using Blue-

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 increased to ~50 bar. 

10. The control box was set to heat to the desired temperature with the 

pressure monitored throughout. Typically, a difference of 2–3 °C was 

observed between the internal and external thermocouple. This is due to 

the thickness of the autoclave walls.  

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

to the experimental desired value by slow addition of CO2. 

12. At the end of the experiment, the heating cartridges were switched off 

allowing the temperature of the autoclave to drop to room temperature. 
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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 of 

the polymer and to reduce stress on the sapphire windows. 

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

and the front-end clamp opened, to retrieve the sample. 

2.3. Analytical methods 

This section will include the techniques used to characterise the products 

throughout the project.  

2.1.3. Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) is a common technique used to confirm 

the identity of compounds, containing a NMR active nuclei.136 In this Thesis 1H 

and 13C were performed, with a nuclear spin quantum number of ½. 

All the spectra were recorded on a Bruker Advance III HD 400MHz or Bruker 

Advance 400MHz, with chemical shifts, in ppm, referenced relative to a 

deuterated solvent (normally chloroform-d1 (7.26 ppm), acetone-d6 (2.05 ppm) 

or methanol-d3 (3.31 ppm)). Sample concentration was 7 mg/mL. Mestrelab 

MNova software was used for analysis.  

2.1.4. Mass spectrometry 

2.1.4.1. Electrospray ionisation time-of-flight mass spectrometry 

A Bruker microToF LC-MS spectrometer was employed for the 

characterisation of compounds, with 1 mg/mL, dissolved in 50:50 MeOH:H2O 

(v/v) or 60:40 EtOH:H2O (v/v). Spectra were analysed using Compass 

DataAnalysis software. 
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2.1.4.2. Matrix assisted laser desorption/ionisation-time of flight 

mass spectrometry 

A Bruker Ultraflex III spectrometer was used for the analysis of the glycerol-

based polymers. The spectra were collected in reflection mode and analysed 

using FlexAnalysis software. For the sample preparation, 20 µL of a polymeric 

solution in methanol (10 mg/mL) was mixed with 20 µL of a solution of matrix 

trans–2–[3–(4–tert–butylphenyl)–2–methyl–2–propenylidene] malononitrile 

(DCTB) (1 mg/mL) in acetonitrile. 1 μL of this mixture was spotted on the target 

plate (designated for polymer samples) and allowed to air dry before the plate 

was inserted into the instrument for analysis. In matrix assisted laser 

desorption/ionisation mass spectrometry (MALDI MS), a laser vaporizes the 

sample which is associated with the matrix compound to minimize 

fragmentation. Ions are separated using time of flight mass spectrometry (TOF 

MS), which is well adapted for the detection of low and high Mn polymer 

species. 

2.1.5. Gas chromatography 

Gas chromatography was performed on an Agilent 6890 GC coupled to Agilent 

5973 MS (EI detector) instrument equipped with a Zebron ZB5-MS column 

(30m x 0.25mm x 0.25 μm). The temperature program used was from 60 ºC (1 

min hold) and 60 ºC/min to 300 ºC (10 min hold); the injection temperature was 

at 250 ºC with 50:1 split ratio; the carrier gas was helium. For the analysis of 

lipids, the oil needs to be derivatise, including hydrolysis and methylation. 

Therefore, on a typical procedure, 100 mg oil was dissolved in 10 mL 

hexane.100 µL of 2 N potassium hydroxide in methanol (11.2 g in 100 mL 

methanol) was added to the solution. The mixture was submitted to vortex for 

30 seconds and the clear supernatant was transferred into a 2 mL autosampler 

vial.  
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2.1.6. Gel permeation chromatography 

Gel permeation chromatography (GPC) is an essential technique for polymer 

analysis. It separates polymer samples by weight fractions to determine Mn, 

Mw and Đ, based on the polymers hydrodynamic volume in solution.137 In this 

Thesis, this information was obtained using an Agilent 1260 infinity 

multidetector GPC/SEC (size exclusion chromatography) system with a Wyatt 

Optilab light scattering detector. The GPC was equipped with two columns; an 

Agilent PLGEL 5 μm Mixed D (7.5 mm X 300 mm) and a PLGEL 5 μm guard 

column (7.5 mm X 50 mm). THF was used as the eluent at a flow rate of 

1 mL/min and the following differential index of refraction values (dn/dc) were 

used for evaluation: for glycerol-based polymers 0.0304 mL/g and for 

vernonia-based polymers 0.1133 mL/g. The samples to be analysed (10 

mg/mL) were passed through a syringe filters (Whatman, 25 mm, 0.2 μm) prior 

to analysis. The software used for analysis was Astra® 6 (Wyatt). 

2.1.7. Fourier-transform infrared spectroscopy  

Fourier-transform infrared spectroscopy (FTIR) is a valuable analytical 

technique for identification of functional groups in polymeric samples. In this 

Thesis, FTIR analyses were carried out using a Bruker Alpha Platinum-ATR, 

allowing the possibility of analysing solid samples in the absence of solvents. 

This instrument was equipped with a RockSolidTM interferometer. All 

experiments were run in attenuated total reflection (ATR) mode using a 

platinum ATR single reflection diamond. The spectra were acquired with a 

resolution of 4 cm-1, in the range 4,000–400 cm-1 by recording 36 

interferograms. The software used for analysis was OPUS Spectroscopy. 

2.1.8. Differential scanning calorimetry  

The thermal properties of the synthesised polymers were investigated using 

differential scanning calorimetry (DSC). This technique monitors the different 

in heat flow rate between a sample and a reference while both are subjected 

to a controlled temperature set-up programme. This technique gives the 
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valuable information regarding the melting points (Tm) and glass transition 

temperatures (Tg) of the polymers.  

The DSC used was a TA Instruments Q2000, equipped with an auto-sampler, 

suitable for use from -90 to 300 ºC, using indium and sapphire standards. 

Tzero aluminium pan (TA instruments) were used for all samples and pressed 

prior to use. In a normal experiment, a polymeric sample (ca. 2 mg) was cooled 

to -90 ºC (10 ºC/min) and then heated to 200 ºC (10 ºC/min). Afterwards, the 

sample was cooled again to -90 ºC (10 ºC/min) and then heated up to 200 ºC 

(10 ºC/min). The first heating cycle was used to remove the thermal history of 

the sample and the Tm and Tg were recorded from the second heating cycle.  

The experiments were carried out under a N2 flow (50 mL/min). All the data 

were analysed using the Universal Analysis software. 

2.1.9. Dynamic mechanical analysis 

The glass transition (Tg) of the synthesised polymers was also investigated 

using dynamic mechanical analysis (DMA). Measurements were performed on 

a Triton Technologies DMA (now Mettler Toledo DMA1), using the powder 

pocket accessory. 5 mg of sample was weighed into a powder pocket and 

measured at 1 and 10 Hz in single cantilever bending geometry between -100 

– 250 °C. The determined value of Tg was taken as the maximum peak of the 

tan delta (tan δ) curve, at a frequency of 1 Hz. 

2.1.10. Surfactant performance assessment 

In order to evaluate the surfactant performance of the synthesised polymers, 

several analysis techniques were performed to determine the surface tension, 

critical micelle concentration, size of micelles and also the contact angle.  

2.1.10.1. Tensiometry 

2.1.10.1.1. Static: Wilhelmy plate method 

The Wilhelmy plate tensiometer was used to measure the static surface 

tension of water, upon addition of potential surfactants. A flat platinum plate is 
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dipped into the aqueous solution and slowly pulled back and held within 1 µm 

of the surface position. The surface is allowed to relax and reach an equilibrium 

with the plate present. Afterwards, the force on the plate is measured and 

surface tension (mN/m) determined from the force (F) and the contact angle 

formed (θ) (Equation 2.1). If the potential surfactant has good surface active 

agent properties, the surface tension of the aqueous solutions will be lower 

than ~72 mN/m, which is the surface tension of pure water. 

SFT=
F

L∙cos(θ) 

Equation 2.1 – Equation to determine the static surface tension (SFT) through the Wilhelmy plate 
method. Note: F = force applied to the flat platinum plate; L = wetted length of the plate, which 
corresponds to its perimeter; θ = contact angle. 

 
Figure 2.8 – Schematic representation of the Wilhelmy plate method. Note: F = force applied to the flat 
platinum plate; L = wetted length of the plate, which corresponds to its perimeter; θ = contact angle; d = 
diameter of the plate. This image was adapted from KRÜSS GmbH.138 
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Figure 2.9 – Images of the instrument used to measure the static surface tension. A) Wilhelmy plate 
tensiometer, Krüss. B) Image highlighting the flat platinum plate submerging a liquid. C) Images showing 
before (pure water) and after (aqueous solution) the addition of surface active agents. Image C shows 
that the pure water sample has a higher surface tension, indicated by the contact angle compared to the 
aqueous solution containing surfactant.  

The analyses were performed using a Krüss Tensiometer K100 (KRÜSS 

GmbH). Mili-Q water was used for the aqueous solutions of surfactant 

(typically 1 wt.%). The surface tension values were determined by the 

automatic dilution of the stock solutions using a Metrohm 700 Dosino. Before 

each experiment, the platinum plate was rinsed with Milli-Q water and flamed 

afterwards to dry it and remove any potential impurities. In a typical 

experiment, a sample is automatically diluted, and a measurement of the 

surface tension is recorded at every 3 minutes. All measurements were 

performed at ambient temperature (~ 20 ºC). The range of the equipment was 

1–300 mN/m at a resolution of ± 0.01 mN/m. Each recorded value was an 

average of ~ 10 runs, until a standard deviation of ≤ 0.1 mN/m was obtained. 

Measurements were made in duplicate. 

2.1.10.1.2. Dynamic: bubble pressure tensiometry 

The bubble pressure tensiometer measures the dynamic surface tension 

before equilibrium is reached (Figure 2.10 and Figure 2.11). In the method 

used, a capillary tube (Figure 2.11 a)) is submerged in an aqueous solution.139 

From this tube, bubbles of air are periodically released (at increasing rates). 

The pressure within the tube changes continuously as the radius of the bubble 
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(rB) changes. When the radius of the capillary tube (rcap) and the radius of the 

bubble curvature (rB) are equal, the maximum pressure is reached (Figure 2.10 

B). The pressure drops rapidly as the bubble expands beyond rcap (Figure 2.10 

C).  

 
Figure 2.10 – Schematic representation of the bubble pressure during surface tension measurements. 
Note: rB = radius of bubble; rcap = radius of capillary; tbubble lifetime = life time of the bubble, in seconds; pmax 
= maximum bubble pressure measured; pmin = minimum bubble pressure measured. This image was 
adapted from SITA®.140 

The surface tension value was calculated from the deviation between the 

pressure maximum and minimum (Equation 2.2). Before each measurement, 

the instrument was calibrated with pure water. Therefore, the instrument will 

take into consideration the radius of the capillary tube. 

SFT=k ∙ (pmax- pmin) 

Equation 2.2 – Surface tension (SFT) determined using the bubble pressure method. Note: k = calibration 
factor (m), determined automatically in pure water (typically equal to the radius of the capillary tube 
divided by two; pmax = maximum bubble pressure measured (N/m2); pmin = minimum bubble pressure 
measured (N/m2). 
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Figure 2.11 – Bubble pressure tensiometer apparatus. A) Image showing the SITA t100 bubble pressure 
tensiometer; the highlighted area denotes where the aqueous solution to be analysed is placed. B) Image 
showing the capillary tube (a), the temperature probe (b) and the formation of the air bubble (c). 

For each SFT sample measurement, aqueous solutions with typically 0.1, 0.5 

and 1 wt.% of surfactant were tested using a SITA® t100 Bubble Pressure 

tensiometer (Figure 2.11). This instrument can measure SFT ranging from 10–

100 mN/m ± 0.1 mN/m. 

2.1.10.1. Dynamic light scattering 

Dynamic light scattering (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 ambient 

temperature (~ 20 °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 significance and reliability. 
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CHAPTER 3. THE GLYCEROL OPPORTUNITY  

3.1. Overview 

The global production of polymeric materials has reached 335 million tons per 

year, and more than 98% comes from petroleum-based resources.23, 141-143 

These materials are widely used in large quantities in several industrial 

applications including fabrics, pharmaceuticals, cosmetics and food.143-147 

Several factors, such as depletion of fossil resources, poor degradability, 

environmental accumulation and customer awareness have increased the 

interest to drive the research towards more sustainable and environmentally 

friendly alternatives to synthesise polymeric materials.148 The synthesis of 

polyol-based polyesters has been studied in the literature, 45, 112, 149-151 and 

these can be used as the main blocks to synthesise surfactants which will be 

discussed later in Chapter 4. Their synthesis can be achieved by the 

polycondensation of bio-sourced glycerol and succinic acid. The synthesis of 

glycerol-based polymers (through polycondensation) is normally achieved 

using toxic catalysts, solvents and high temperatures (>120 ºC), which is not 

ideal in terms of green and sustainable chemistry.49, 152-154 

This chapter focuses on a greener synthesis of linear poly(glycerol-succinate), 

trying to address all of these issues.  Combining enzymes and supercritical 

carbon dioxide opens the possibility for a green and solvent-free 

polycondensation route. Nevertheless, some challenges need to be met when 

synthesising linear polyesters from glycerol via polycondensation: (1) 

controlling possible hyperbranching through the secondary alcohol functional 

group (2) removal of the condensate (water) to drive the reaction towards the 

formation of the product and (3) decreasing the polymerisation temperature. 

To assess the properties and the efficiency of the synthesis of glycerol-based 

polyesters, several analytical methods are used to characterise the polyesters: 
1H-NMR, 13C-NMR, MALDI-TOF, GPC, FT-IR and DSC. 
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Consequently, this chapter explores the possibility of a greener enzymatic 

synthesis of glycerol-based polyesters, by exploiting the unique properties of 

supercritical carbon dioxide. 
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3.2. Introduction 

3.2.1. Renewable polymers 

The fast-growing world population will lead to a drastically increased demand 

for energy and resources, accompanied by massive consumption and 

production of products from fossil fuels. Despite the discovery of new oil 

reserves, these will be depleted, and the exploration of oil will become 

economically unviable.2-3 Therefore, the need to find solutions to overcome 

this dependence upon fossil resources, will increase continuously. In recent 

decades, alternative and renewable feedstocks for the synthesis of polymeric 

materials have received a lot of attention. 155-160 The possible applications of 

greener polymers range from medical and tissue engineering, food packaging, 

and coatings to cosmetics, to name a few.161 

Glycerol (1,2,3-propanetriol) is a well-known organic molecule and it is the 

simplest polyol with more than two hydroxy groups. Glycerol is a by-product of 

biodiesel production.  The hydrolysis of triglycerides from biomass (such as 

palm oil, sunflower oil or rapeseed oil) results in methyl esters and glycerol. 

This reaction (direct transesterification) has been well known for more than 20 

years in the production of biodiesel of high quality.43 Three moles of methyl 

ester and one mole of glycerol are obtained for every mole of triglyceride feed. 

The glycerol is considered to be a valuable by-product since methyl esters are 

the target product. According to European statistics (Eurostat),162 between 

2007 and 2016, biodiesel production has increased by 83% in the European 

Union. Thus, considering these data, glycerol is becoming widely available and 

because it is an unwanted by-product, its price is inversely proportional to the 

increase in biodiesel production.163 Additionally, glycerol can be also found 

naturally in triglycerides and it is commercially produced by the fermentation 

of sugar (glucose and fructose) either directly, or as a by-product of the 

industrial conversion of lignocellulose into ethanol.164  

The polycondensation of glycerol with dicarboxylic acids (azelaic, glutaric, 

iminodiacetic, sebacic and succinic acid, to name a few) has been studied 

recently (Figure 3.1).45-50 Wyatt, et al. 50, Agach, et al. 45 and Somisetti, et al. 49 
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have synthesised glycerol-diacid polyesters, at high temperatures and in the 

presence of acid catalysts (stannous chloride – SnCl2, sulfuric acid – H2SO4 

and titanium (IV) butoxide – Ti(OBu)4, to name a few), obtaining linear and/or 

branched polyesters.  

 
Figure 3.1 – Polycondensation of glycerol with dicarboxylic acids. Depending on the conditions applied, 
a linear polyester (R = H) or a branched material (R = polyester unit) can be obtained. 

Previously, most dicarboxylic acids have been produced from petrochemical 

feedstocks but, due to sustainability awareness in industrial and academic 

organisations, there has been a drive to produce them from more 

environmentally friendly starting materials.165-166 Succinic acid (SA) has been 

shown to be an attractive platform for different applications in surfactant, food 

and pharmaceutical industries.167 Presently, SA is industrially produced mostly 

from petrochemical feedstocks, but because of environmental considerations 

(see above) there has been a trend towards to the production of bio-based SA 

from biomass (e.g. sucrose and glycerol).166, 168-169  

Dicarboxylic acids normally have higher melting points than the respective 

monoacids of the same molecular weight.170 Thus, when performing 

polycondensation with dicarboxylic acids, high temperatures are required to 

melt it. Later in this chapter, we will demonstrate a new approach that leads to 

the possibility of using near-room temperatures to perform polycondensation 

of glycerol and succinic acid. 

Within the current consciousness about the need to create ‘greener’ polymers, 

the synthesis of polyesters from bio-sourced glycerol and succinic acid offers 

a good alternative to fossil-based materials. Bio-based poly(glycerol-

succinate) (PGLSA) could be a suitable renewable, water-soluble and 

biodegradable ingredient to synthesise for a surfactant. The condensation of 

glycerol and succinic acid has been studied previously but usually involves 

energy intensive processes (high heat, high vacuum), toxic solvents and/or 

catalysts.46-47, 147, 153-154, 171 Wyatt, et al. 172 successfully obtained a linear and 

branched PGLSA with a molecular weight of 2000 Da and a narrow dispersity 
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(1.06). Since these polyesters were soluble in polar solvents, such as 

dimethylformamide (DMF), the authors suggest that crosslinking was avoided, 

or present in negligible quantities, within 24 hours at 150 ºC. Agach, et al. 171 

synthesised branched PGLSA, obtaining polymers with molecular weights up 

to 1,100 Da in the absence of solvents but at a temperature of 190 ºC. In this 

study, they also evaluated the influence of the ratio between glycerol and 

succinic acid on the molecular weight and degree of branching; the higher the 

ratio of Gly:SA, the lower the branching obtained, and the lower the molecular 

weight of the obtained PGLSA.  

Biodegradable and biorenewable, although often used in conjunction with one 

another, have two different meanings. A biodegradable polymer is a material 

that can biodegrade easily; although, it does not mean that it comes from 

renewable resources, which is a very important requirement for ‘greener’ 

polymers. The relationship between biorenewable and biodegradable 

polymers is shown in Figure 3.2. Polycaprolactone (PCL), poly(butylene 

succinate adipate) (PBSA), poly(ethylene succinate) (PES) and poly(butylene 

succinate) (PBS) are petroleum based, but they can be degraded by 

microorganisms or enzymes.173-176 However, polyethylene (PE), Nylon 11 

(NY11) and acetyl cellulose (AcC) can be produced from renewable resources, 

but they do not biodegrade. Poly(hydroxybutyrate) (PHB), poly(lactide) (PLA), 

starch blends (Starch) and poly(glycerol-succinate) (PGLSA) are produced 

from renewable resources and are biodegradable as well. 
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Figure 3.2 – “Greener” polymers definition: combination of biodegradable and biorenewable polymers. 
Biodegradable polymers can be degraded by microorganisms but that does not mean that they come 
from renewable feedstocks; Biorenewable polymers come from renewable sources but are necessarily 
biodegradable. Polymers which are both biodegradable and biorenewable are called “greener” polymers, 
such as PHB (poly(hydroxyburate)), PLA (poly(lactide)), starch and PGLSA (poly(glycerol-succinate)). 
(adapted from Tokiwa, et al. 177) 

A study of the biodegradability of poly(glycerol-succinate) showed that the 

biodegradation of PGLSA (with different Gly:SA molar ratios: 1.33, 1.5, 1.7 and 

1.9) reaches 60% degradation after 10 days, and 90% degradation after 28 

days. These data confirm that poly(glycerol-succinate) can be considered 

readily biodegradable.171 Also, the branching and size of the polymer does not 

influence the biodegradability.  

3.2.2. Condensation polymerisation 

Condensation polymerisation proceeds via a step-growth polymerisation 

mechanism normally resulting broad dispersities (> 2). To obtain high 

molecular weight polymers, high conversions need to be achieved (Figure 3.3). 

Contrariwise, in chain-growth polymers, even at low monomer conversion, it is 

expected to obtain high molecular weight polymers. This Thesis will investigate 

polycondensation, which is a step-growth polymerisation. 
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Figure 3.3 – Comparison of the evolution of molecular weight with conversion for chain and step-growth 
polymerisation.  

In the case of equimolar amounts of bifunctional monomers (1:1 ratio), the 

degree of polymerisation (DP) can be calculated using the Carothers’ equation 

(Equation 3.1),178 and provides the information about the number of repeat 

units present in the polymer chain.  

DP=
1

1-p 

Equation 3.1 – Carothers’ equation.178 DP = degree of polymerisation; p = monomer conversion 
achieved.  

Following Equation 3.1, high values for the degree of polymerisation (>20) are 

only achieved at high conversions, > 95%. At 50% monomer conversion, only 

dimers (DP = 2) are expected to form on average (Table 3.1, entry 4). At 90% 

conversion, the DP increases to 10, which corresponds to a molecular weight 

of 1,700 Da for poly(glycerol-succinate). At 95% conversion, the DP to the 

doubles to DP = 20, resulting in poly(glycerol-succinate) with a molecular 

weight of 3,480 Da. Nonetheless, at the final stages of the polymerisation, 

when the conversion is between 95-99.9%, it is expected to see a considerable 

increase in the DP, from 20 to 1,000, corresponding to an increase in Mn to 

174,000 Da for poly(glycerol-succinate).  
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Table 3.1 – Molecular weight prediction of linear poly(glycerol-succinate), following Carothers’ equation, 
for a condensation polymerisation at 10.0-99.9% monomer conversion. a calculated through Equation 
3.1. 

Entry Conversion Conversion (p) DP Mn
theoa

 (Da) 
1 10.0% 0.1 1.11 193.3 
2 20.0% 0.2 1.25 217.5 
3 30.0% 0.3 1.43 248.6 
4 50.0% 0.5 2.00 348.0 
5 60.0% 0.6 2.50 435.0 
6 75.0% 0.75 4.00 696.0 
7 90.0% 0.9 10.00 1,740.0 
8 95.0% 0.95 20.00 3,480.0 
9 99.9% 0.99 1000 174,000.0 

In the case of an imbalance between the bifunctional groups (ratio 1≠1), the 

relationship between the DP and the conversion can be calculated by a 

modification of the Carothers’ equation (Equation 3.2).  

DP=
1+r

1+r-2∙r∙p 

Equation 3.2 – Modification of Carothers’ equation for stoichiometric imbalance factor, r, at a specification 
monomers conversion p.  

r=
NA

o

NB
o  

Equation 3.3 – Stoichiometric imbalance factor r. NAº corresponds to the molar equivalent of A monomer, 
which is different from NBº, the molar equivalent of B monomer. By convention, r is always less than 
unity, except for an equimolar ratio NAº= NBº. 

However, the Carothers’ equation does take into consideration polymerisation 

reactions of multifunctional monomers, where chain branching and 

crosslinking might occur. Thus, the degree of polymerisation in these cases 

can be predicted using Equation 3.4.179 

DP=
2

2-p∙fav
 

Equation 3.4 – Degree of polymerisation for multifunctional monomers179, where p corresponds to 
monomer conversion and fav to the average number of functional groups.  

Following this equation, the prediction of the degree of polymerisation is valid 

only up to conversions lower than 80% (Table 3.2, entry 9), due to the possible 

occurrence of gelation, where the polymer is no longer soluble in solvents. At 

50% conversion, the formation of tetramers of glycerol and succinic acid (Table 
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3.2, entry 4) is predominant. Yet, there is a sudden fourfold increase in the DP 

(16) at 75% conversion, leading to formation of poly(glycerol-succinate) of 

higher molecular weight (2,700 Da) (Table 3.2, entry 6). A further 4% increase 

in conversion, results in an increase in the DP to 80, resulting in a polyester 

with a molecular weight of 13,900 Da. Nonetheless, at the last stage of the 

polymerisation, before gelation occurs, at a conversion of 79.9%, a 

considerable increase in the DP, from 80 to 800 is expected, corresponding to 

an increase in Mn to 139,200 Da for poly(glycerol-succinate). 

Table 3.2 – Molecular weight prediction of branched poly(glycerol-succinate), following Equation 3.4, for 
a condensation polymerisation at 10.0-80.0% monomer conversion. a calculated through Equation 3.4. 
np = not possible to calculate due to possible gelation. 

Entry Conversion Fraction of conversion (p) DP Mn
theoa

 (Da) 
1 10.0% 0.1 1.14 198.9 
2 20.0% 0.2 1.33 232.0 
3 30.0% 0.3 1.60 278.4 
4 50.0% 0.5 2.67 464.0 
5 60.0% 0.6 4.00 696.0 
6 75.0% 0.75 16.00 2,784.0 
7 79.0% 0.79 80.00 13,920.0 
8 79.9% 0.799 800.00 139,200.0 
9 80.0% 0.80 np np 

Polycondensation reactions result in linear, branched or crosslinked polymers, 

depending on the functionality of the monomers. Generally, condensation 

polymerisations conducted using dicarboxylic acids and polyols, such as 

glycerol and succinic acid, have been performed widely in solvent-free 

systems to avoid the use of toxic solvents. Although, as mentioned previously, 

high temperatures are often required to melt the dicarboxylic acid. In addition, 

the removal of the small molecule condensate (e.g. water) is important to shift 

the reaction equilibrium. It is driven towards the polymer formation according 

to the principle of Le Chatelier. This can be accomplished by heat, high energy 

vacuum or by a flow of argon or nitrogen,82 all of which aid mass-transfer, 

making it more favourable for the by-product in the reaction medium to be 

transferred to the vapour phase, thus driving the reaction forward. Others have 

shown that when applying high temperatures to multifunctional monomers, 

such as glycerol, in the absence of solvent, crosslinking cannot be avoided.172 
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Bifunctional and multifunctional monomers in polycondensation will be 

discussed below.  

3.2.2.1. Linear and branched polyesters 

Polymer topology (arrangement in space) is one of the key characteristics of 

polymers, in addition to the configuration, composition, dispersity, molecular 

weight and their functional groups. There are several types of polymer 

topologies (Figure 3.4), and each one will result in different properties and 

therefore, different applications.  

 
Figure 3.4 – Schematic representation of polymer topology. Depending on monomer composition, 
sequence and arrangement in space (topology), polymers can be classified as A) linear, B) AB-
copolymer, C) cross-linked, D) comb, E) cyclic and F) star polymers.  

In general, condensation polymers are formed by An + Bm type of monomers, 

where n and m represents the number of active functional groups. Linear 

polymers are normally obtained by a combination of A2 and B2 or AB monomers 

and if n and/or m > 2, polymers can be branched or cross-linked.88 The history 

of hyperbranched polymers started in 1847 when Berzelius synthesised a 

polyester resin from tartaric acid (Figure 3.5) and glycerol (B3 type of 

monomer) followed by Smith in 1901 who reported the reaction between 

phthalic acid (A2 type of monomer) and glycerol.180  

   
Figure 3.5 – Schematic representation of tartaric acid, a monomer with two different functional groups: 
two hydroxy groups (in orange) and two carboxy groups (in green).  
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Only in the 1940s were the terms branched polymer and degree of branching 

introduced for the first time by Flory, when he calculated the molecular weight 

distribution of three-dimensional polymers in the state of gelation.181-183 

Gelation (gel polymer) occurs when the degree of branching reaches a critical 

point and prior to this point, the polymer is a so-called random hyperbranched 

polymer.184 At this stage, the polymer viscosity increases abruptly. Later in 

1952, Flory described that branched polymers can be synthesised without the 

risk of gelation.185 This was confirmed by a mathematical model, in which 

highly branched polymers were obtained through polycondensation of a 

monomer  containing one functional group A and two or more functional groups 

B (ABn type of monomer, where n ≥ 2).  

Hyperbranched polymers are synthesised by two main techniques:  

1) single-monomer methodology (SMS), which is the polymerisation of 

ABn monomers – by: 

a) polycondensation of ABn monomers,  

b) self-condensing ring-opening polymerisation,  

c) self-condensing vinyl polymerisation,  

d) proton-transfer polymerisation;  

2) double-monomer methodology (DMM), which is the direct 

polymerisation of two types of monomer, or a monomer pair which generates 

hyperbranched polymers – e.g. polycondensation of A2 and B3 monomers.  

Poly(glycerol-succinate) (PGLSA) consists of both A2 and B3 type monomers: 

glycerol is trifunctional (B3) and succinic acid is bifunctional unit (A2), and this 

combination might lead to a branched polymer (Figure 3.6). The step-growth 

polymerisation of these monomers occurs randomly and not only gelation but 

also intramolecular cyclisation can occur.186 MALDI-TOF is the best way to 

distinguish between cyclic and linear structures.187   
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In branched polymers from A2 and B3 type monomers it is possible to 

distinguish different units (Figure 3.6): A0, A1, B0, B1 and B2 units, where A 

units (A0 and A1) and B units (B0, B1 and B2) are from A2 and B3 monomers 

respectively.  

 
Figure 3.6 – Schematic topology and composition of hyperbranched polymers from A2 and B3 monomers. 
n = number of monomers. (adapted from Chen and Kong 186) 

The degree of branching (DB) is an important value to describe quantitatively 

the branched structure of a polymer. It was first defined by Fréchet188 and 

Frey189-190 (Equation 3.5 and Equation 3.6) for polymers having an ABn 

topology using NMR-spectroscopy. The DB defined by Frey is the number of 

actual dendritic units divided by the maximum possible number of dendritic 

units and is universally applicable for small and large polymer structures.191 If 

a polymer is highly branched, e.g. a hyperbranched polymer, the DB value is 

close to 1 (or 100%). If a polymer is linear, or less branched, the DB value is 

low (< 5%).  

DBFrey=
2×D

2×D+L ×100 

Equation 3.5 – Degree of branching as defined by Frey189-190, for polymers from an ABn topology. D = 
dendritic units, L = linear units. Dendritic units correspond to the formation of branched polymers. 
 

A2

B3

Branched (B0)

Linear (B1)

Terminal (B2)

Polymer structure units

Monomers structure

+

n=3

n=9

n=22

n=31

n=40

A0

A1

A0

B1

A1

B0

B2



Chapter 3.   The glycerol opportunity 
 

 67 

DBFréchet=
2×D+2×T

D+T+L ×100 

Equation 3.6 – Degree of branching as defined by Fréchet188, for polymers from an ABn topology. D = 
dendritic units, T = terminal units, L = linear units. Dendritic units correspond to the formation of branched 
polymers. 

When analysing branched polymers from a A2 + B3 topology, which is the case 

in this chapter on PGLSA, these equations result in Equation 3.7 and Equation 

3.8. 

DBFrey=
2×B0

2×B0+B1
×100 

Equation 3.7 – Degree of branching equation defined by Frey189-190, for polymers from an A2 + B3 
topology. In a hyperbranched polymer, it is possible to observe different units in the backbone of the 
polymer: branched units (B) and linear units (L). In PGLSA branching can occur via glycerol (B3 
compound). Thus, when a linear unit is obtained (B1 unit), polymerisation can occur in the positions Ha 
and Hb, or Ha and Hc of glycerol (Figure 3.10). Thus, B1 can also be described as La,b and La,c, 
respectively.  
 

DBFréchet=
2×B0+2×B2

B0+B2+B1
×100 

Equation 3.8 – Degree of branching equation defined by Fréchet188, for polymers from an A2 + B3 
topology. In a hyperbranched polymer, it is possible to observed different units in the backbone of the 
polymer: branched units (B) and linear units (L). In PGLSA branching can occur via glycerol (B3 
compound). Thus, when a linear unit is obtained (B1 unit), polymerisation can occur in the positions Ha 
and Hb, or Ha and Hc of glycerol (Figure 3.10). Thus, B1 can also be described as La,b and La,c, 
respectively. 
 

The DB is obtained using NMR-spectroscopy by the signal intensities for the 

respective units in the branched polymer. For the synthesis of PGLSA, it has 

been predicted theoretically that the lower the ratio of Gly:SA, the earlier the 

gelation occurs and therefore, the higher the DB (closer to 1 or 100%).192 

Khongphow, et al. 46 and Agach, et al. 171 (both using a G:SA ratio of 1.5:1) 

synthesised poly(glycerol-succinate) oligomers, through melt 

polycondensation (120-190 ºC), and they produced oligoesters with low DBFrey 

(< 28%).  

3.2.3. Catalysts for polyester synthesis 

This section will explore the use of chemo- and biocatalysts to synthesise 

polyesters. 
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3.2.3.1. Chemocatalysts 

The synthesis of polyesters, by polycondensation of diacids with diols, has 

been extensively studied and it usually requires high temperatures, the use of 

solvents and high vacuum all of which are not ideal from a sustainable point of 

view.193-194 Catalysts are used to increase the rate of a chemical reaction and 

catalyst driven polycondensation reactions are very important for large scale 

manufacturing of polyesters.184 Several catalysts have been studied in the 

literature for polycondensation reactions, such as titanium butoxide (Ti(OBu)4), 

titanium isopropoxide (TTIP or Ti(OiPr4)), tin(II) 2-ethylhexanoate (Sn(Oct)2), 

scandium(III) triflate (Sc(OTf)3), germanium oxide (GeO2), dibutyltin(IV) oxide 

(DBTO or Bu2SnO), and bismuth (III) trifluoromethanesulfonate (Bi(OTf)3), to 

name a few.  

Kolb and Meier 195 analysed three different catalysts, TBD, Ti(OiPr)4 and p-

TsOH, for the polymerisation of dimethyl 2-decylmalonate with 1,6-hexanediol. 

At high concentrations of catalyst (10 mol% TBD, Ti(OiPr)4 or p-TsOH,) and at 

80-100º C, polymers with a molecular weight of 1,600-4,800 Da, with a broad 

dispersity (Đ = 1.50-2.93), were obtained. However, at lower catalyst 

concentrations (2 mol%), at 100º C, no polymer was obtained with TBD and p-

TsOH. By contrast with 2 mol% Ti(OiPr)4 a polymer with a molecular weight of 

15,200 Da, with a broad dispersity (Đ = 2.89), was obtained. On decreasing 

the titanium isopropoxide catalyst concentration even further to 0.5 mol%, a 

polymer with Mn of 14,500 Da (Đ = 2.02) was obtained. A greener procedure 

towards novel aliphatic polyesters was developed by  Vilela, et al. 156 and 

revealed to be promising. Using Bi(OTf)3 (Bi3+ is one of the least toxic heavy 

metal ions) as the catalyst for the polymerisation of diacids and diols derived 

from plant oil-based monomers lead to polymers with molecular weights up to 

14,000 Da (2.1 < Đ < 2.7) with a maximum yield of 79%.  

Terzopoulou, et al. 196 also studied the effect of selected catalysts in the 

polycondensation of poly(ethylene furanoate) (PEF): Ti(OBu)4, Ti(OiPr4), 

Sn(Oct)2 and DBTO. In this study, at 160º C, and excluding Sn(Oct)2, all the 

catalysts achieved high conversions (> 90%) after four hours reaction, with 

molecular weights up to 6,000 Da. By contrast, Sn(Oct)2 showed a 
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considerably lower conversion after four hours, 17%, achieving Mn of only 

2,000 Da. Only after twenty hours was conversion raised to a more viable > 

90%.  

Several authors have investigated the polycondensation of glycerol-based 

polyesters and the commonly used catalysts are tin or titanium-based. The 

polycondensation of glycerol and diacids (succinic acid, azelaic acid and 

glutaric acid) was accomplished with conversions lower than 100%.50, 172, 197-

198  These reactions were done both in the absence, or presence of organic 

solvents (DMF or DMSO), at high temperatures (135-155 ºC), under reduced 

pressure (< 1.5 mbar) and with 0.15 wt.% DBTO.50, 172, 197-198 Wyatt, et al. 50,172 

synthesised poly(glycerol succinate) in bulk50 (1.05:1 molar ratio G:SA) and in 

DMF172 (1:2 molar ratio G:SA) with a molecular weight of 1,000-2,000 Da with 

low polydispersities (1.28-1.06). The use of solvents has a significant effect on 

the molecular weight and the dispersity of the polymer.  Using toluene (135 

ºC) and a G:SA molar ratio of 2:1, PGLSA with a molecular weight of 112,000 

Da (Đ = 2.3) was obtained.197 Stumbé and Bruchmann 198 synthesised 

poly(glycerol adipate) in bulk (at 150 ºC for 8 h, 1:2 molar ratio to glycerol) with 

a molecular weight of 23,000 Da with high dispersity, Đ = 7.7.  

When using polyols, such as glycerol, in polycondensation reactions with 

diacids, formation of hyperbranched polymers is expected. Metal catalysts 

such as the ones described in this section, do not show regioselectivity 

towards primary versus secondary hydroxy groups. Gustini, et al. 199 studied 

the effect of different catalysts to obtain a linear sorbitol-based polyester, 

aiming to get pendant hydroxy groups along the polymer backbone. The 

authors studied the effect of DBTO, Sc(OTf3), TBD and CaLB (Candida 

antarctica lipase B) as catalysts and concluded that only the enzyme was 

giving a 100% linear polymer. DBTO and TBD showed low or even no 

selectivity for primary over secondary hydroxy groups. Nevertheless, Sc(OTf3) 

showed some selectivity, which had been noted by other authors.200-202  

3.2.3.2. Biocatalysts 

The first enzymatic polycondensation between dicarboxylic acids (C6 – C14) 

and a diol (ethylene glycol) was reported in 1984, resulting in polymers with 



Chapter 3.   The glycerol opportunity 
 

 70 

molecular weights up to 2,000 Da at 30 ºC after 16 hours, using water as 

solvent.203 Decades later, Iglesias, et al. 204 investigated the enzymatic 

polycondensation of glycerol with adipic acid, also at 30 ºC but in the presence 

of dioxane. After 72 h reaction, they obtained a linear polymer with a molecular 

weight of 1,300 Da (Đ = 1.1) in good yield (> 80%), demonstrating the 

regioselectivity of the enzyme. Likewise, Pessagno and Baldessari 205 showed 

the polycondensation of glycerol with dicarboxylic acids (C4, C8 and C6) at 30 

ºC in two different solvents (dioxane and tetrahydrofuran), resulted in linear 

polymers with molecular weights between 1,700 and 2,000 Da, with low 

dispersity (1.01-1.1). Other authors studied the regioselectivity of CaLB 

towards the synthesis of linear polyol-based polyesters at different 

conditions.150, 206 Hu, et al. 207 discovered that the reaction time might be an 

important feature to take into consideration in order to avoid the branching of 

polymers, even when using CaLB as catalyst. They claimed that in the 

polycondensation reaction between D-glucitol and adipic acid, linear 

polyesters were obtained (10,900 Da, Đ = 1.6) at reaction times <18 h; 

increasing the reaction time to 42 h, resulted in esterification of the pendant 

hydroxy groups giving hyperbranched polyol-based polymers.  

 
Figure 3.7 – Polycondensation of D-glucitol (sorbitol) with adipic acid at different reaction times. Hu, et 
al. 207 studied this reaction and linear polyesters were obtained at reaction times <18h; branched 
polyesters were obtained increasing the reaction time to 42h.  

Similar results were reported by Kulshrestha, et al. 208 in the CaLB-catalysed 

bulk polycondensation of adipic acid, 1,8-octanediol and glycerol, at 70 ºC. 

After 2 h reaction, a polyester with a Mn of 2,700 Da, with narrow dispersity (Đ 

= 1.6), was obtained. Increasing the reaction time to 18 h resulted in an 

increase in the polymer molecular weight and dispersity, but linear polyesters 

were still formed. However, at 42 h reaction time, the obtained soluble product 
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was increasingly branched, with a Mn of 75,600 Da and broad dispersity (Đ = 

3.1). 

3.3. Aims of the study 

The aim of this study is to assess the synthesis of linear poly(glycerol 

succinate) via enzymatic polycondensation.  

This work will focus on the enzymatic polycondensation of glycerol and 

succinic acid using supercritical carbon dioxide. This study will test the 

hypothesis that enzymes can provide a near ambient temperature, low energy 

route giving linear polymers. Moreover, our approach will aim to avoid pre-

modification of the monomers and hence, less steps are required. Comparison 

will be made to traditional metal catalysed polycondensation.  

This work has the potential to produce biorenewable hydrophilic polyesters 

using a green and efficient one-pot process. 
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3.4. Experimental 

3.4.1. Materials 

All the chemicals and solvents were purchased from Sigma Aldrich (UK) and 

used as received, unless otherwise indicated. Novozyme® 435 (CaLB 

immobilised on cross-linked acrylic resin beads) was kindly donated by 

Novozymes (Denmark), stored at 4 ºC and dried for 24 hours under vacuum 

(100 mbar) at room temperature (RT) before use. Molecular sieves type 3 and 

4 Å, 1.6-2.5 mm beads, were purchased from Fisher Scientific (UK) and used 

as received. Glycerol (≥ 99.5% purity) was purchased from Sigma Aldrich (UK) 

and dried for 24 hours under vacuum (10 mbar) at room temperature before 

use and stored over fresh molecular sieves (4Å) at room temperature. Succinic 

acid (≥ 99.0% purity) was purchased from Sigma Aldrich (UK) and dried for 24 

hours under vacuum (10 mbar) at 50 ºC before use. All the solvents were of 

analytical grade, and used as received. Carbon dioxide grade 4.0 (minimum 

purity 99.99%) was purchased from BOC Special Gases (UK) and used as 

received. 

3.4.2. Synthesis methods 

3.4.2.1. View cell solubility study of reagents in supercritical 

carbon dioxide 

To visually determine the effect of scCO2 on the physical state of glycerol and 

succinic acid, a fixed volume view cell (100 mL) was used (Chapter 2, Figure 

2.5 and Figure 2.6). In a typical procedure, 0.5 g of reagent (glycerol or succinic 

acid) was added to a 1 mL glass vial (previously cut to half of its height) and 

inserted inside the view cell, fixed with Blu-tack®. The windows were sealed 

and clamped to the body and the pressure was raised to 50 bar. The 

temperature and CO2 pressure were raised incrementally to the desired 

conditions.  
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3.4.2.2. Synthesis of poly(glycerol succinate) via melt 

polycondensation with and without tin(II) 2-ethylhexanoate as 

the catalyst 

The polymerisations of PGLSA were carried out via melt polycondensation 

with, and without Sn(Oct)2 as the catalyst. Thus, in a typical procedure of 1:1 

G:SA molar ratio (Figure 3.8), the succinic acid (54.3 mmol, 6.4 g), glycerol 

(54.3 mmol, 5.0 g), Sn(Oct)2 (1 wt.% with respect to the total amount of 

monomers) and molecular sieves (size 4Å, 25 wt.% with respect to the total 

amount of monomers) were added to a 20 mL three-neck round bottom flask, 

alongside a magnetic stirrer (300 rpm) applying vacuum to the system. The oil 

bath temperature was set to 5 ºC higher, in order to ensure the desired 

temperature in the centre of the round bottom flask (checked with a 

thermocouple) and the reaction was left to run for the specified reaction time. 

The reaction was stopped by cooling to room temperature (RT). The molecular 

sieves were removed by filtration after being solubilised in THF (qualitative 

Fisherbrand filter paper, supplied by Fisher Scientific) and the filtrate was 

recovered using a rotary evaporator. To ensure complete removal of the 

solvent, the samples were placed under reduced pressure, at RT, overnight. 

Product yield was calculated by dividing the dry product mass by the 

theoretical mass. The reactions were performed at least twice to check 

reproducibility. Table 3.3 shows the summary of the reactions conditions 

conducted via melt polymerisation. 
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Figure 3.8 – Reaction set up for the synthesis of poly(glycerol succinate) via melt polycondensation. 
Legend: 1 – syringe to collect sample; 2 – vacuum line; 3 – rubber septum; 4 – thermocouple; 5 – oil 
bath; 6 – magnetic stirrer; 7 – reagents and catalyst/solvent (when present); 8 – molecular sieves, 4 Å. 

3.4.2.3. Enzymatic synthesis of poly(glycerol-succinic acid) via 

melt polycondensation 

For comparison, the enzymatic polymerisations of poly(glycerol succinate) 

were carried via conventional melt polycondensation with Candida antarctica 

lipase B. Thus, in a typical procedure of 1:1 G:SA molar ratio, the succinic acid 

(54.3 mmol, 6.4 g), glycerol (54.3 mmol, 5 g), CaLB (desired amount specified 

in the table below, Table 3.3) and molecular sieves (size 4Å, 25 wt.% to the 

total amount of monomers) were added to a 50 mL three-neck round bottom 

flask, along with a magnetic stirrer (300 rpm). If toluene (20 mL) was used as 

a solvent, it was also added to the reaction mixture. Vacuum was applied only 

to the neat system. The temperature was set to specific values (Table 3.3) and 

the reaction was continued for the specified reaction time (Table 3.3). The 

reaction was stopped by cooling to RT. The crude product was dissolved in 

THF to separate from the enzyme beads and molecular sieves by filtration. 

The solvent was removed from the filtrate under reduced pressure, leaving 

solid polymeric products.  To ensure complete removal of the solvent, the 

samples were placed under vacuum at RT, overnight. The yields are 

summarised (Table 3.3) and all reactions were performed at least twice to 

check reproducibility.  
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Table 3.3 – Summary of the reactions conducted via melt polycondensation. Note: a includes polymer support; ≈ indicates partially solubility of the polymer in water; O indicates 
no solubility of the polymer in water; ��indicates solubility of the polymer in water. 

Entry Ratio (Gly:SA) Solvent Reaction time T ºC Catalyst Appearance Soluble in water 

1 1:1 neat 24 h 120 ºC none Viscous, white ≈ 

2 1:1.5 neat 24 h 120 ºC none Rigid, white O 

3 1:2 neat 24 h 120 ºC none Rigid, white O 

4 1:1 neat 17 h 140 ºC 2 wt.% Sn(Oct)2 Rigid, transparent O 

5 1:1 neat 3 h 140 ºC 2 wt.% Sn(Oct)2 Rigid, transparent O 

6 1:3 neat 2 h 140 ºC 2 wt.% Sn(Oct)2 Rigid, white O 

7 1:3 neat 24 h 110 ºC 25 wt.% CaLBa Waxy, white � 

8 1:1 neat 24 h 60 ºC 17 wt.% CaLBa Viscous, yellow-transparent � 

9 1:1 toluene 72 h 100 ºC 5 wt.% CaLBa Waxy, white � 

10 1:3 toluene 72 h 100 ºC 5 wt.% CaLBa Waxy, yellow � 

11 1:3 toluene 72 h    55 ºC (1h) 
100 ºC (71h) 5 wt.% CaLBa Waxy, white � 
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3.4.2.4. Enzymatic synthesis of poly(glycerol-succinic acid) using 

supercritical carbon dioxide 

In a typical procedure (Figure 3.9) of 1:1 G:SA molar ratio, the succinic acid 

(16.3 mmol, 1.92 g), glycerol (16.3 mmol, 1.50 g), CaLB (25 wt.%* of the total 

amount of monomers, 0.86 g) and molecular sieves (size 3Å, 25 wt.% with 

respect to the total amount of monomers, 0.86 g) were added to the stainless 

steel reaction autoclave described previously (60 mL, Chapter 2, Figure 2.2). 

The vessel was sealed and pressurised to 50 bar. Subsequently, the 

temperature was set to 40, 50 or 60 ºC (Table 3.4), and finally the pressure 

was increased to 275 bar. The reaction was left to run for 24 h, while stirring 

at 150 rpm. To avoid polymer foaming and blockages in the pipework, the 

reactions were terminated by cooling the vessel in a water/ice bath (~ 0 ºC) 

before venting. The CO2 was vented when the pressure was below 20 bar. 

Finally, the product was collected and dissolved in 10 mL of THF, gently 

heating at 40 ºC, for complete dissolution, and filtered to remove the enzyme 

beads and molecular sieves. The solvent was then removed under reduced 

pressure, leaving solid polymeric products. To ensure complete removal of the 

solvent, the samples were dried overnight under vacuum at RT. The product 

yields are summarized below (Table 3.11). The reactions were performed at 

least twice to check reproducibility. Table 3.4 shows the summary of the 

reactions conditions for polymerizations conducted in supercritical conditions. 

                                            
* includes polymer support 
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Figure 3.9 – Reaction set up for the synthesis of poly(glycerol succinate) under supercritical conditions. 
Legend: 1 – head; 2 – clamp; 3 – body; 4 – heating jacket; 5 – safety key; 6 – spring loaded pressure 
relief valve; 7 – magnetically coupled overhead stirrer; 8 – outlet line; 9 – inlet line; 10 – thermocouple.  
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Table 3.4 – Summary of reactions conducted using supercritical carbon dioxide at 275 bar. Note: a includes polymer support���indicates solubility of the polymer in water. 

Entry Ratio (Gly:SA) T ºC Reaction 
time Catalyst Appearance Soluble in water 

12 1:1 40 ºC 24h 25 wt.% CaLBa Waxy, yellow � 

13 1:2 40 ºC 24h 25 wt.% CaLBa Waxy, yellow � 

14 2:1 40 ºC 24h 25 wt.% CaLBa Waxy, yellow � 

15 1:1 50 ºC 24h 25 wt.% CaLBa Waxy, yellow � 

16 1:2 50 ºC 24h 25 wt.% CaLBa Waxy, yellow � 

17 2:1 50 ºC 24h 25 wt.% CaLBa Viscous, yellow-transparent � 

18 1:1 60 ºC 24h 25 wt.% CaLBa Waxy, white � 

19 1:2 60 ºC 24h 25 wt.% CaLBa Waxy, white � 

20 2:1 60 ºC 24h 25 wt.% CaLBa Waxy, white � 
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3.4.3. Polyester characterisation 

The polymer structures were characterised using 1H-NMR, 13C-NMR, GPC, 

MALDI, FTIR and DSC. All these techniques are discussed in further detail in 

Chapter 2. 
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3.5. Results and discussion  

This section focuses on the synthesis of PGLSA using a conventional metal-

based catalyst (Sn(Oct)2) or a biocatalyst (CaLB), in a solvent-free system 

(bulk), in the presence of solvent (toluene), and using supercritical carbon 

dioxide. Control experiments were also performed, in the absence of catalyst 

in bulk. The principal aim of this work is to develop a ‘greener’ method for the 

formation of poly(glycerol succinate). Therefore, scCO2 and enzymes were 

chosen for the synthesis of glycerol-based polyesters. The syntheses via melt 

polycondensation were conducted for comparison with scCO2 reactions. 

The impact of the catalyst, the solvent and the polymerisation conditions were 

compared, assessing the selectivity to produce linear polyesters. 

3.5.1. Melt polycondensation of poly(glycerol succinate) with and without 

catalyst 

PGLSA was first synthesised without any catalyst, via melt condensation 

(Table 3.5).  These reactions were conducted at 120 ºC for 24 hours, under 

vacuum, to drive the reaction towards the formation of product and to study 

the effect of the glycerol:succinic acid molar ratio. The molar ratio of monomers 

affects the size and topology of the polymers and as mentioned previously, the 

lower the ratio of Gly:SA, the earlier gelation occurs and the higher the 

chances of branched polymer (Figure 3.13). Therefore, the synthesis of 

glycerol-based polyesters can produce linear or branched products. Succinic 

acid may react with glycerol at any of its three different alcohol positions, i.e. 

the two primary and the secondary hydroxy groups (Figure 3.10). A branched 

structure may consist of tri-substituted (B0), di-substituted (B1) or mono-

substituted (B2) glycerol units and these different substitution patterns can be 

distinguished and quantified using NMR spectroscopy techniques. 1H-NMR 

and 13C-NMR resonance assignments for glycerol and succinic acid units of 

the poly(glycerol succinate) polymer, will show the possible linear and 

branched patterns.  
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Figure 3.10 – Substitution patterns for the glycerol unit after polymerisation with succinic acid. The 
schematics next to the structures of glycerol represent the number of hydroxy groups that reacted with 
succinic acid (e.g.  corresponds to the linear structure of glycerol where succinic acid reacted on 
proton Ha and Hc of glycerol, compare Figure 3.3). Note: the blue dot represents an unreacted hydroxy 
group. 

1H-NMR, 2D-HSQC and COSY NMR are powerful techniques to confirm the 

hypotheses of this work. In other words, the combination of these techniques 

will make possible the determination of the Hb chemical shifts when it is present 

in di (  or ) or tri-substituted glycerol unit ( ), i.e. linear and branched 

structures, respectively. Sample from entry 2, Table 3.5, was analysed using 

these techniques. Table 3.6 is shown all the chemical shifts assignments for 

this polymer and Figure 3.11 and Figure 3.12 show the 1H-NMR, 2D-HSQC 

and COSY-NMR spectra of this poly(glycerol succinate) sample. 
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Table 3.5 – Synthesis of poly(glycerol succinate) via melt polymerisation without catalyst. 
a
 these Mn values corresponds to the peaks with higher molecular weights, other peaks 

were detected in the GPC trace, due to the presence of oligomers;
 b

 determined by Frey’s equation (Equation 3.7); 

  Entry Time G:SA molar ratio Yield Mn
GPC (Da) Đ DBb Tg 

N
o 

ca
ta

ly
st

 

1 24 h 1:1 60% 3,900 > 2 18% -61 ºC 

2 24 h 1:1.5 60% 8,200 > 2 67% -18 ºC 

3 24 h 1:2 96% 6,200 > 2 65% -20 ºC 
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Table 3.6 – Experimentally determined 
1
H and 

13
C-NMR chemical shifts for glycerol and succinate units on the PGLSA polymer (entry 2 from Table 3.5), showing the branching 

patterns. The schematic representations of branched, linear and terminal polymer units are as follow:  = linear glycerol unit; in this case, the polymerisation occurred in positions 

a and c,  = linear glycerol unit; in this case, the polymerisation occurred in positions b and c,  = terminal glycerol in the polymer backbone, leaving the hydroxy groups a 

and c free,  = terminal glycerol in the polymer backbone, leaving the hydroxy groups a and b free,  = trisubstituted glycerol unit in the branched polymer backbone,  = 

terminal unit of succinic acid in the polymer backbone and  = succinic acid unit in the linear/branched polymer backbone. na = not assigned; 
a)

 chemical shifts in ppm; the 
solvent used for NMR analysis in this work was acetone-d6.  

 1H-NMRa) 13C-NMRa) 
Structure & 

schematic representation Ref 46 Ref 47 This work Ref 46 Ref 47 This work 

1       

Ha = na 
Hb = 4.06 
Hc = na 

Ha = 4.07 
Hb = 3.88 
Hc = 4.07 

Ha = 3.72-3.50 
Hb = 3.83 
Hc = 3.72-3.50 

Ca = 65.23  
Cb = na 
Cc = 65.81 

Ca = 65.35 
Cb = 66.26 
Cc = 65.33 

Ca = 66.54 
Cb = 70.69 
Cc = 65.60 

2       

Ha = na 
Hb = 4.89  
Hc = na 

Ha = 3.47 
Hb = 4.73 
Hc = 3.47 

Ha = 3.72-3.50 
Hb = 4.88 
Hc = 3.72-3.50 

Ca = 60.75 
Cb = 75.39  
Cc = na 

Ca = 59.85 
Cb = 66.26 
Cc = 59.85 

Ca = na 
Cb = 76.04 
Cc = na 

3       

Ha = na 
Hb = 5.08  
Hc = na 

Ha = 4.21 
Hb = 4.94 
Hc = 3.51 

Ha = 4.40-4.05 
Hb = 5.07 
Hc = 4.40-4.05 

Ca = 60.03 
Cb = 72.59 
Cc = 63.05 

Ca = 62.68 
Cb = 72.51 
Cc = 59.56 

Ca = na 
Cb = 73.37 
Cc = na 

4       

Ha = na 
Hb = 5.29  
Hc = na 

Ha = 4.24 
Hb = 5.19 
Hc = 4.24 

Ha = 4.40-4.05 
Hb = 5.28 
Hc = 4.40-4.05 

Ca = 62.51 
Cb = 69.43 
Cc = na 

Ca = 62.17 
Cb = 69.09 
Cc = 62.17 

Ca = 61.13 
Cb = 72.61 
Cc = 61.13 

5       

Ha = na 
Hb = na 
Hc = na 

Ha = 4.04 
Hb = 3.65 
Hc = 3.39 

Ha = 3.72-3.50 
Hb = 4.40-4.05 
Hc = 3.72-3.50 

Ca = 62.04 
Cb = 69.82 
Cc = 63.51 

Ca = 66.00 
Cb = 69.04 
Cc = 63.23 

Ca = 67.94 
Cb = na 
Cc = 63.94 

 

OH
ORRO

a b c

OR
OHHO

a b c

OR
ORHO

a b c

OR
ORRO

a b c

OH
ORHO

a b c
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Table 3.7 – (continued) na = not assigned; 

a)
 chemical shifts in ppm; the solvent used for NMR analysis in this work was acetone-d6. 

 1H-NMRa) 13C-NMRa) 

Structure & 
schematic representation 

Ref 46 Ref 47 This work Ref 46 Ref 47 This work 

 
6  

 
He = na 
Hd = 2.66 
Hg = 12.20 

 
He = na 
Hd = na 
Hg = na 

 
He = 2.58 
Hd = 2.58 
Hg = na 

Cf = 171.86 
Ce = na 
Cd = 28.71 
 

Cf = na 
Ce = na 
Cd = na  
 

Cf = 172.83 
Ce = na 
Cd = 21.27 
 

 
7   

 
He = na 
Hd = na 

 
He = na 
Hd = na 

 
He = 2.69-2.61 
Hd = 2.69-2.61 

Cf = na 
Ce = na 
Cd = 171.86 

Cf = na 
Ce = na 
Cd = na  

Cf = 172.83 
Ce = na 
Cd = na 

 

 

 

 

HO
O

O
ORg d e f

RO
O

O
ORd e f
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Figure 3.11 – 
1
H-NMR spectrum of a branched poly(glycerol succinate) polymer (entries 2 from Table 3.3 and Table 3.5). The solvent used was acetone-d6. 
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Figure 3.12 – Sections of the HSQC and COSY NMR spectrum showing the assignments of glycerol 
units in a branched poly(glycerol succinate) polymer (entries 2 of Table 3.3 and Table 3.5). The solvent 
used was acetone-d6. In the HSQC spectrum, methylene proton (–CH2) signals are plotted in red. 
Methine proton (–CH) signals are plotted in blue. Note:  this symbol denotes that proton Hb is present 
in a branched structure.  this symbol denotes that proton Hb is present in a linear structure and the 
polymerisation occurred in positions b and c.  this symbol denotes a terminal glycerol unit proton Hb 
showing that the polymerisation occurred from position b. The dotted lines reveal some of the proton 
couplings. 
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NMR spectroscopy is a well-established technique to characterise complex 

structures.47, 172, 209-211 When analysing the 1H-NMR spectrum of this PGLSA 

sample (Figure 3.11), peak broadening was expected, because of the high 

molecular weight (8,200 Da) and also as a consequence of possible branching. 

The spectrum can be divided into two sections:  

a) the region at 2.4–2.7 ppm, which corresponds to the protons Hd and He 

(succinic acid unit) in the polymeric backbone;  

b) the regions at 3.5–3.7 ppm, 3.80-3.87 ppm, 4.0–4.2 ppm and 4.8–5.4 

ppm, which correspond to protons Ha, Hb and Hc in the linear, terminal 

and branched glycerol units.  

However, it is not possible to clearly assign all the signals to the differently 

substituted glycerol units, and 1H-NMR analysis is revealed to be insufficient 

for complete structural characterization of the polymer.  

Thus, 2D-HSQC and COSY NMR methods were employed, providing 

information on the H-C couplings. In the HSQC spectrum, one axis 

corresponds to 1H chemical shift, and the other axis to 13C chemical shifts; the 

crosspeaks indicate one bond 1H-13C connectivity. The identification of the 

methylene (–CH2, red plot line in Figure 3.12) and methine (–CH, blue plot line 

in Figure 3.12) protons of the esterified primary and secondary hydroxy groups 

from the polymer backbone is important in order to identify if the polymer is 

linear or branched. Thus, it follows that the methylene peaks correspond to Hc 

and Ha protons; methine peaks correspond to Hb protons. 

COSY NMR identifies mutually coupled protons within a small number of 

chemical bonds, e.g. < 3. Hence, combining both methods, HSQC and COSY, 

helps to identify the resonances.  

For the 2D-NMR (Figure 3.12) of this PGLSA sample (entry 2, Table 3.5) it is 

possible to see that for tri-substituted glycerol unit ( ) the proton Hb (5.28 

ppm) couples with proton ( )Hc and ( )Ha at ca. 4.30-4.20 ppm. These 

couplings are clearly shown using the black dotted lines in Figure 3.12. These 

assignments, are in good agreement with the assignments found in the 
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literature (Table 3.6).46-47 In a linear structure, the same Hb proton ( ) (5.07 

ppm), where the polymerisation took place on positions Hb and Hc, couples 

with the corresponding Ha and Hc protons ( , green dotted line in Figure 3.12), 

at ca. 4.40-4.05 ppm. The proton Hb ( , ca. 3.83 ppm) shows clear coupling 

with Ha, Hc ( ) (ca. 3.83 and 3.72-3.50 ppm, respectively, and represented by 

the purple dotted line). Another proton coupling that is observed, although with 

less intensity than the previous proton coupling described, is between protons 

Hb and Ha, Hc (grey dotted line in Figure 3.12), at ca. 4.88 and 3.72-3.50 

ppm. The coupling between Hb and Ha, Hc is not clear which was expected 

since the polymer sample corresponds to a branched PGLS. All the 

assignments represented in Table 3.6 are in good accordance with previous  

values described by Khongphow, et al. 46 and Wyatt and Strahan 47.  

The degree of branching was calculated following Equation 3.7, by integrating 

the resonances corresponding to the Hb protons from B0 and B1 structures, 

using 1H-NMR. The chemical shifts used were: Hb (B0) = 5.28 ppm, Hb 

(B1) = 5.07 ppm, Hb (B1) = 3.83 ppm.  

  
Figure 3.13 – Schematic representation of the effect of changing the molar ratio of the monomers in the 
synthesis of poly(glycerol succinate), showing the effect on the topology of the polymer. Thus, when 
there is an excess of succinic acid (A) a branched polymer is expected. On the other hand, when the 
glycerol is in excess (B) a lower degree of branching is expected. 

With a 1:1 molar ratio, a polymer with a molecular weight up to 3,900 Da (Đ > 

2) was obtained with 18% of DB, which was partially soluble in water (Table 

3.5, entry 1); when increasing the SA content to a G:SA molar ratio of 1:1.5 

and 1:2, the DB increased to 58 and 56%, as did the molecular weight of the 

polymer, resulting in a polymer that was insoluble in water with molecular 

weights of 11,100 and 6,200 Da (Đ > 2) (Table 3.5, entry 2 and 3). Previous 

studies have shown the same trend.171  
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To elucidate the PGLSA topology further, MALDI-TOF spectrometry was 

performed. It is well known that MALDI-TOF can provide valuable information 

regarding the topology of a polymer.212 If branched polymers are formed, 

resulting from the esterification of both primary and secondary hydroxy groups 

of glycerol, oligomers containing tri-substituted units will show characteristic 

masses different from those of an oligomer containing only linear di-substituted 

structures. 

Figure 3.14 shows the MALDI-TOF spectrum of the polymer from entries 2, 

Table 3.5. Below 500 Da, mass spectral data are not valid due to the matrix 

interference and no ions were detected above 3,000 Da (super DHB matrix: 

mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid 

matrix).  

 
Figure 3.14 – Representative section of a MALDI-TOF mass spectrum of K+ and Na+ adducts of a 
branched poly(glycerol succinate) (samples from entries 2 from Table 3.3 and Table 3.5). Note: u it is 
an unknown peak; the peaks not assigned are assumed to be noise from the baseline spectrum; G = 
glycerol; SA = succinic acid; orange annotation denotes the linear structure, black annotation denotes 
the branched structure. 
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Table 3.7 shows suggested structures and predicted masses of the sodium 

and potassium adducts for a branched PGLSA. Since the peaks obtained 

through the MALDI spectrum match with the predicted masses, the author can 

confirm that a branched structure was obtained. 

Table 3.7 – Suggested structures and predicted masses of the sodium and potassium adducts for the 
branched poly(glycerol succinate). Note: G = glycerol; SA = succinic acid. 

Entry Polymer structure (M + Na)+ (M + K)+ 

1 
 

937 953 

2 
 

963 979 

3 
 

1,037 1,053 

4 
 

1,111 1,127 

5 
 

1,211 1,228 

6 
 

1,285 1,302 

 

DSC analyses were performed to evaluate the thermal properties of PGLSA, 

giving valuable information about the interactions between the chains present 

in the polymer. It is well known that the glass transition (Tg) increases with an 

increase in molecular weight.213 However, with hyperbranched polymers, other 

effects influence the chain interactions as well. Sunder, et al. 214 demonstrated 

that the Tg of a highly polar hyperbranched polymer (with a large number of 

hydroxy terminal groups) is governed by two factors: a) on one hand the 

hydrogen bonding of the end groups will lead to an increase in intermolecular 

forces, and thus a decrease of chain mobility; b) and on the other hand the 

tendency to generate higher ordered phases (meso- and crystallisation 

phases). Conversely, Zhu, et al. 215 and Khalyavina, et al. 216 confirmed that 

there is a non-negligible influence of branching on the glass transition 

temperature, especially for polar hyperbranched polymers. They reported that 

for DB < 27%, the Tg increases with DB; while at DB > 27%, the opposite effect 
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is observed: Tg decreases with increasing DB. In this work, for PGLSA 

synthesised by melt polycondensation, without metal catalyst (Table 3.5 

entries 1-3), the first heating scan showed endothermic melting peaks (Tm). 

However, on the second heating scans, these endothermic peaks were 

absent. This might be caused by the evaporation of water. Nonetheless, there 

is a clear effect of molecular weight on the Tg: the higher the molecular weight 

(8,200 Da, Table 3.5 entry 2), the higher the Tg (-18 ºC). In addition, there is 

also a clear effect of branching on the Tg: the lower the branching (DB = 18%, 

Table 3.5 entry 1), the lower the Tg (-61 ºC); on the other hand, the higher the 

branching (DB = 67%, Table 3.5 entry 2), the higher the Tg (-18 ºC). This 

tendency is not in agreement with Zhu, et al. 215  where it was stated that there 

is an increase of the Tg with DB until a maximum of DB = 27%, and then Tg 

decreases sharply. This effect might occur because of the competition 

between the junction density and the free volume of terminal units. (Tg = 50 ºC 

at a DB = 27% and Tg = 32 ºC at a DB = 40%).  

 

Stannous catalysts such as Sn(Oct)2 have been used extensively to catalyse 

polycondensation reactions, although its utility towards the formation of 

polyesters is under debate. Terzopoulou, et al. 196 studied the effect of the 

catalyst type on the molecular weight increase of poly(ethylene furanoate) and 

reported that among the tested catalysts (Sn(Oct)2 , tetrabutyl titanate(IV), 

TTIP and DBTO), Sn(Oct)2 was the catalyst with the lowest activity towards 

the transesterification of dimethyl 2,5-furandicarboxylate with ethylene glycol.  

On the other hand, Winkler, et al. 217 and Gubbels, et al. 218 confirmed that 

Sn(Oct)2 is an active catalyst in the synthesis of polyesters. Linear solid 

polyesters with molecular weights of 9,900 to 11,500 Da, with low dispersities 

(Đ < 1.6), were obtained after 12 h at 130 ºC, using 1 mol% Sn(Oct)2.217
 By 

increasing the temperature up to 180 ºC for 24 hours and further 4 hours at 

220 ºC, a polymer of lower molecular weight was obtained, with a molecular 

weight of 3,700 Da and with a higher dispersity (Đ = 2.1).218 Taking these 

findings into consideration, the polycondensation of glycerol with succinic acid 
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was performed using 2 wt.% Sn(Oct)2 at 140 ºC, studying the effect of the 

molar ratio of the monomers (Table 3.8).  

From the NMR analysis, the spectra obtained have shown similar results to 

the polymers synthesised in melt, in the absence of catalyst. The presence of 

proton Hb in tri-substituted glycerol unit ( ), ca. 5.28 ppm, confirms that the 

polymers obtained were branched. 
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Table 3.8 – Synthesis of poly(glycerol succinate) via melt polymerisation with Sn(Oct)2. 
a these Mn values corresponds to the peaks with higher molecular weights, other peaks 

were detected in the GPC trace, due to the presence of oligomers; b determined by Frey’s equation (Equation 3.7); c characterisation not possible because of insolubility. Note: 
nd. = not defined 

  Entry Time G:SA molar ratio Yield Mn
GPC (Da)a Đ DBb Tg 

Sn
(O

ct
) 2 

4 17 h 1:1 x-linked c -3 ºC 

5a 1 h 1:1 nd. 4,500 > 2 17% – 

5b 2 h 1:1 nd. 6,000 > 2 31% – 

5c 3h  1:1 x-linked c -9 ºC 

6a 1 h 1:3 nd. 7,400 > 3 72% – 

6b 2 h 1:3 97% 11,400 > 3 87% -5 ºC 
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After 17 h, with a ratio of G:SA 1:1, a crosslinked colourless polymer was 

obtained, showing clearly the synthesis of a crosslinked poly(glycerol 

succinate) (Table 3.8, entry 4). Thus, the reaction was repeated for 3 h at 140 

ºC using 2 wt. % Sn(Oct)2 (Table 3.8, entry 5). After 1 h a polymer with a 

molecular weight of 4,500 Da with low dispersity and 17% DB was obtained 

(Table 3.8, entry 5a). After 2 hours, the molecular weight increased to 6,000 

Da, maintaining a low dispersity and the degree of branching doubled to 31% 

(Table 3.8, entry 5b). After 3 hours, an insoluble solid colourless polymer was 

obtained, showing clear signs of crosslinking.  

Increasing the amount of diacid, is expected to result in a higher DB and thus, 

a polymerisation with a ratio of G:SA 1:3 was performed. After 1 hour, a very 

viscous polymer with a molecular weight of 7,400 Da (with high dispersity, Đ = 

2.4) and a high degree of branching (72%) was obtained (Table 3.8, entry 6a). 

The reaction was stopped after 2 hours, resulting in a polymer with a molecular 

weight of 11,400 Da (Đ = 2) with a degree of branching of 87%, confirming that 

upon increasing the molar ratio G:SA, the branching occurs faster, (Table 3.8, 

entry 6b).  

MALDI-TOF spectrometry was also performed for the polymers synthesised in 

melt conditions in the presence of Sn(Oct)2 and the spectra obtained were 

similar to the ones describe in the absence of catalyst (Figure 3.14). The 

presence of oligomers containing tri-substituted units, resulted from the 

esterification of both primary and secondary hydroxy groups of glycerol, and 

show a clear pattern of a branched polymer. 

To evaluate the thermal properties of PGLSA synthesised in melt conditions in 

the presence of Sn(Oct)2, DSC analyses were performed. The same 

conclusions obtained for the synthesis of PGLSA in the absence of catalyst 

can be made for the synthesis of PGLSA in the presence of Sn(Oct)2. In the 

first heating scan, endothermic melting peaks (Tm) are clear. However, this 

might be caused by the evaporation of water since on the second heating 

scans, these endothermic peaks were absent. In these polymers, it is also 

possible to observe a clear effect of molecular weight on the Tg: the higher the 
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molecular weight (11,400 Da, Table 3.8 entry 6b), the higher the Tg (-5 ºC). For 

entries 4 and 5c from Table 3.8, a crosslinked polymer was obtained so it is 

expected to have high Tg (-3 and -9 ºC, , Table 3.8 entries 4 and 5c, 

respectively as compared to -61 ºC from entry 1 - Table 3.5).  

Polyesters are used in several applications and glycerol-based polymers have 

a high potential to be used in cosmetic and medical materials.146-147 As 

mentioned and shown previously, using metal-based catalysts, a lack of 

selectivity to the primary hydroxy groups of glycerol is observed. For some 

polyol-based polymer applications (e.g. surfactant industry), it is important to 

retain the hydrophilicity and avoid crosslinking, which means that the 

secondary hydroxy group of glycerol should not react. In organic chemistry, it 

is possible to use elaborate protection-deprotection steps to avoid undesirable 

reactions of hydroxy functional groups.219-220 Although this procedure is 

chemically efficient, it uses flammable, corrosive and toxic chemicals, is time 

consuming, requires excessive purification steps, which are not viable for a 

polymerisation/industrial application. Thus, finding a convenient, efficient and 

environmentally friendly procedure towards the synthesis of linear hydrophilic 

glycerol-based polyesters is of high interest.  

3.5.2. Enzymatic polycondensation of poly(glycerol succinate) with and 

without toluene 

Lipases are well known for their regioselectivity during esterification reactions 

at mild conditions.221-222 Thus, these features (metal-free reactions using mild 

conditions and regioselectivity) have been inspiring research on the synthesis 

of polyol-based polyesters. Almost 20 years ago, Iglesias, et al. 204 and 

Pessagno and Baldessari 205 synthesised glycerol-based polyesters under 

similar mild conditions, 30 ºC (72 h reaction) using dioxane or tetrahydrofuran 

as solvents, and molecular sieves to remove the by-product water. They 

obtained polymers with molecular weights up to 2,000 Da with narrow 

dispersity showing no branching. Nonetheless, by increasing the temperature 

to 70 ºC for 42 h (in bulk and under vacuum conditions), Kumar, et al. 150 

synthesised poly(glycerol succinate) with a molecular weight of 2,500 Da (Đ = 
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1.4), and CaLB showed a regioselectivity of  85% which means that some 

polymer branching occurred. Increasing the temperature even further to 90 ºC, 

Yang, et al. 223 synthesised a polymer with a molecular weight of 9,000 Da 

within 24 h, but this time, the dispersity was higher (Đ = 3.3) and some 

branching (16%) was observed. In this study, they compared the effect of 

CaLB and DBTO in the synthesis of poly(oleic diacid-co-glycerol). After 6h of 

reaction, with the latter catalyst, a gel was obtained, thus evidencing cross-

linking. They concluded that the enzyme must show steric hindrance at the 

lipase active site, which slows branching and impedes cross-linking reactions.  

Taking these results into consideration, in this work poly(glycerol succinate) 

was synthesised enzymatically. Reactions in a solvent-free system (bulk) and 

in the presence of toluene were performed in a range in temperatures from 60 

to 110 ºC. To shift the reaction equilibrium towards the formation of polyester, 

the reactions were performed under vacuum, or under an argon stream, in the 

presence of molecular sieves, (Table 3.9).  

In order to evaluate the branching pattern, NMR analyses were performed for 

PGLSA synthesised enzymatically through melt conditions. Our hypothesis 

was that the enzyme should show more linear structures. Hence, we would 

expect an absence of protons Ha, Hb and Hc chemical shifts when at a tri-

substituted glycerol unit ( ), e.g. branched structure. As explained previously, 
1H-NMR analysis is revealed to be insufficient for complete structural 

characterization of the polymers. Therefore, 2D-HSQC and COSY NMR 

methods were also employed. The sample from entry 11, Table 3.9, was 

analysed using these techniques and Figure 3.15 and Figure 3.16 show the 
1H-NMR, 2D-HSQC and COSY-NMR spectra of this poly(glycerol succinate) 

sample. 
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Table 3.9 – Synthesis of poly(glycerol succinate) via melt polymerisation with CaLB, with and without toluene. 
a
 these Mn values corresponds to the peaks with higher molecular 

weights, other peaks were detected in the GPC trace, due to the presence of oligomers. 
b
 determined by Frey’s equation (Equation 3.7). 

 
 Entry Time G:SA molar ratio Yield Mn

GPC (Da)a Đ DBb Tg 

C
aL

B
 

no
 s

ol
v 7 24 h 1:3 54% 14,900 > 2 11% -50 ºC 

8 24 h 1:1 61% 3,700 > 2 13% -55 ºC 

C
aL

B
 

in
 to

lu
en

e 9 72 h 1:1 96% 5,800 1.27 9% -50 ºC 

10 72 h 1:3 73% 1,800 > 2 11% -66 ºC 

11 72 h 1:3 60% 7,300 1.36 9% -60 ºC 
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Figure 3.15 – 
1
H-NMR spectrum of a linear poly(glycerol succinate) polymer (entries 11 of Table 3.9). The solvent used was acetone-d6. 
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Figure 3.16 –Sections of the HSQC and COSY NMR spectrum showing the assignments of glycerol units 
in a linear poly(glycerol succinate) polymer (entries 11 of Table 3.9). The solvent used was acetone-d6. 
In the HSQC spectrum, methylene proton (–CH2) signals are plotted in blue. Methine proton (–CH) 
signals are plotted in red. Note:  this symbol denotes that proton Hb is present in a linear structure 
and the polymerisation occurred in positions b and c.  this symbol denotes a terminal glycerol unit 
proton Hb showing that the polymerisation occurred in position b. The dotted lines reveal some of the 
proton coupling.  
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The 1H-NMR spectra of PGLSA synthesised via enzymatic melt 

polycondensation (entry 11 from Table 3.9, Figure 3.15), shows the presence 

of proton Hb in the tri-substituted glycerol units. However, they are significantly 

less prominent than for the branched PGLSA synthesised with Sn(Oct)2 

(Figure 3.11). This confirms the presence of a more linear polymer structure.  

In the HSQC spectrum, the identification of the methylene (–CH2, blue plot line 

in Figure 3.16) and methine (–CH, red plot line in Figure 3.16) protons is 

important in order to identify if the polymer is linear or branched. Thus, it follows 

that the methylene peaks correspond to Hc and Ha protons; and methine peaks 

correspond to Hb protons. Therefore, considering the correlation of HSQC and 

COSY spectra, (Figure 3.16), it was possible to observe that the proton 

couplings of di-substituted and terminal glycerol units. The green dotted line 

connects the proton Hb (5.07 ppm) with the protons Ha and Hc, at ca. 

4.40-4.05 ppm. The grey dotted line connects proton Hb (4.88 ppm) with the 

protons Hc and Ha (3.72-3.50 ppm). The coupling between the proton Hb 

(4.40-4.05 ppm) and the protons Ha and Hc (3.72-3.50 ppm) is represented 

by the brown dotted line. The purple dotted line represents the coupling 

between Hb (3.83 ppm) and protons Ha and Hc (3.72-3.50 ppm). Most 

notably, protons Ha, Hb and Hc in a tri-substituted glycerol unit ( ) could not 

be observed in the 2D-NMR spectra, demonstrating a predominant linear 

structure and supporting our hypothesis that branching is lower. The chemical 

shifts are in good agreement with previous values described by Khongphow, 

et al. 46 and Wyatt and Strahan 47.  

The degree of branching was calculated following Equation 3.7, by integrating 

the resonances corresponding to the Hb protons from B0 and B1 structures, 

using 1H-NMR. The chemical shifts used were: Hb (B0) = 5.28 ppm, Hb 

(B1) = 5.07 ppm, Hb (B1) = 3.83 ppm.  

At a 1:1 G:SA molar ratio with 17 wt.% CaLB at 60 ºC (in bulk), after 24 h a 

viscous yellow clear polymer with a molecular weight of 3,700 Da was obtained 

showing some branching (DB = 13%, Table 3.9 entry 8). When increasing the 
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temperature (110 ºC), the loading of enzyme (25 wt.%† CaLB) and the diacid 

content, it would be expected to observe an increase in branching. However, 

after a reaction time of 24 h in bulk, a waxy white polymer with a molecular 

weight of 14,900 Da was obtained showing only 11% branching (Table 3.9, 

entry 7). This is not in agreement with what was observed previously 

(polycondensations in the absence of catalyst, or in the presence of Sn(Oct)2) 

in which the lower the ratio of G:SA, the earlier the gelation occurs and the 

higher the chances to synthesise a branched polymer. For comparison, the 

enzymatic synthesis of poly(glycerol succinate) (5 wt.%† CaLB) was also 

performed in the presence of toluene, at 100 ºC, with an argon stream and 

with molecular sieves (Table 3.9, entry 9 and 10). After 72 h, using a 1:1 molar 

ratio of G:SA, a polyester with a molecular weight of 5,800 Da (waxy white 

polymer) was obtained with only 9% of branching (Table 3.9, entry 9). Upon 

increasing the succinic acid content (1:3), the molecular weight determined by 

GPC decreased to 1,800 Da, and the polymer exhibited 11% branching (Table 

3.9, entry 10).  

Some researchers have performed polycondensation in two steps: firstly, the 

diacid and alcohol are reacted at a desired temperature in the solvent for 1 

hour under argon; only then is catalyst added to the system and the 

temperature raised to the chosen reaction conditions.224 Normally, this two-

step procedure allows the synthesis of higher molecular weight polymer. Thus, 

this was also investigated using the same G:SA molar ratio as in the latter 

reaction (1:3), the diacid, triol and toluene were added to the round bottom 

flask, under argon, and the reaction temperature was set to 55 ºC for one hour. 

Afterwards, the enzyme (5 wt.%† CaLB) was added to the system and the 

temperature was raised to 100 ºC for 71 h (reaction conditions shown in Table 

3.3, entry 11). This procedure gave a waxy white polymer with a higher 

molecular weight, 7,300 Da (Đ = 1.3; DB = 9%, Table 3.9 entry 11), than the 

one synthesised via the one step procedure (Table 3.9 entry 10), which is in 

accordance with the literature. 

                                            
† includes polymer support 
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MALDI was performed to investigate the topology of these polymers (Figure 

3.17 reveals the spectrum obtained from sample 11 from Table 3.9 – reaction 

conditions shown in entry 11, Table 3.3). The suggested structures and 

predicted masses of the sodium and potassium adducts for a linear PGLSA 

are shown below (Table 3.10). The peaks obtained through the MALDI 

spectrum match with the predicted masses, confirming a more linear structure 

of PGLSA. Nevertheless, it is still possible to observe some branched 

structures, which were expected as a consequence of the degree of branching 

determined by 1H-NMR (DB = 9%). The same conclusions can be made for 

the other samples of PGLSA synthesised via enzymatic melt 

polycondensation.  

 
Figure 3.17 – Representative section of a MALDI-TOF mass spectrum showing K+ and Na+ adducts of a 
linear poly(glycerol succinate) (samples from entries 11 from Table 3.3 and Table 3.9). Note: the peaks 
which are not assigned are assumed to be noise from the baseline spectrum; G = glycerol; SA = succinic 
acid; in orange labels correspond to the branched structures; black annotation denotes the branched 
structure. 
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Table 3.10 – Suggested structures and predicted masses of the sodium and potassium adducts for the 
linear poly(glycerol succinate). Note: G = glycerol; SA = succinic acid. 

 

 

 

 

 

 

 

Comparing this spectrum with the one obtained previously (PGLSA 

synthesised in the absence of catalyst or in the presence of the metal catalyst), 

it was possible to observe different repeated unit patterns. In the later one, 

more linear oligomers were existent, in contrast with the previous one, where 

more branched patterns were obtained. This confirms our hypothesis that 

using CaLB shows more linear structures. Hence, less branched polymer 

structures.  

The Tg’s of PGLSA synthesised via enzymatic melt polycondensation show a 

negligible effect of the increase in molecular (Table 3.9). These values in the 

range of -50 ºC are similar. to the Tg of linear polyesters (such as poly(butylene 

itaconate and poly(1,5-pentylene adipate)) which were reported previously by 

several authors, in the range of -60 – -40 ºC.225-226  

Poly(glycerol succinate) polymers, synthesised via enzymatic melt 

condensation, were also analysed by infrared spectroscopy (ATR FT-IR) and 

compared with a branched PGLSA (synthesised in the absence of catalyst) 

(Figure 3.18: linear polymer, sample from entry 11, Table 3.9; branched 

polymer, sample from entry 2, Table 3.5).  

A broad peak appears at ca. 3,420 cm-1, which corresponds to –OH functional 

groups in the backbone (orange trace in Figure 3.18). The more linear the 

Entry Polymer structure (M + Na)+ (M + K)+ 

1 
 

1,022 1,038 

2 
 

1,085 1,101 

3 
 

1,185 1,201 

4 
 

1,259 1,275 

5 
 

1,359 1,375 

6 
 

1,433 1,449 
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polymer, the more the peak ca. 3,420 cm-1 increases in intensity, suggesting 

that the hydroxy functional groups are free, and have not been esterified. This 

observation was also reported by other authors (for poly(glycerol succinate) 

polymers).211 The peak ca. 1,700 cm-1 corresponds to the –C=O functional 

groups while the signal at 1,405 and 1,297 cm-1 corresponds to the –CH 

bending. The peak at 1,143 cm-1 belongs to the C–O–C stretching. As would 

be expected, no detectable differences in the IR spectra were apparent at the 

different synthesis temperatures.  

 
Figure 3.18 – ATR-IR spectra of poly(glycerol succinate), PLGSA, in the spectral range between 4,000 
and 400 cm-1. The plot in orange corresponds to a linear polymer (entry 11 of Table 3.9) and in green to 
a branched polymer (entry 2 of Table 3.5). 

The use of CaLB for the synthesis of a polyol-based polyester was found to be 

a good method to synthesise more linear polyesters with pendant hydroxy 

groups that could be valuable for further functionalisation, or to create a more 

hydrophilic polyester. However, the melt condensation process is not ideal due 

to the use of temperatures higher than 60 ºC. Therefore, in the next section, 

the use of scCO2 for the synthesis of poly(glycerol succinate) will be discussed 

at lower temperatures. 
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3.5.3. Behaviour of glycerol and succinic acid in supercritical carbon 

dioxide 

Two commercially available bio-based monomers, glycerol and succinic acid, 

have been exploited as building blocks for poly(glycerol succinate) polymers 

in scCO2.  

 
Figure 3.19 – Visual observation of glycerol (G) and succinic acid (SA) at A) at ambient pressure (1 bar) 
and temperature (25 ºC), B) at 65 bar and 27 ºC, C) at 275 bar and 40 ºC and D) at ambient pressure 
and temperature upon removal of the CO2 (after 7 hours under pressure). Picture E) shows glycerol, at 
ambient conditions after 7 hours under supercritical conditions, exposing the evidence of CO2 being 
released. It is possible to see that succinic acid and glycerol are not soluble in scCO2; nonetheless, it is 
possible to observe that CO2 is soluble in glycerol due to the presence of “bubbles” after exposure of 
CO2.  

The visual observation of the limited solubility of glycerol and succinic acid in 

scCO2 is shown above (Figure 3.19). The low solubility of succinic acid in 

scCO2 was already reported previously.227 However, there is a clear difference 

before, during and after exposure of glycerol to scCO2 (Figure 3.19, A-E), 

suggesting that scCO2 might be soluble in glycerol; e.g. scCO2 might have the 

ability to penetrate in between glycerol molecules which is indicated by the 

appearance of bubbles in the liquid glycerol upon removal of CO2 (Figure 3.19, 

E). This was also confirmed by Medina-Gonzalez, et al. 228 who studied the 

phase equilibrium of the CO2/glycerol system.  
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This view cell investigation is not a quantitative solubility test. Nevertheless, it 

does show a clear interaction of scCO2 and monomer. A preliminary 

polymerisation was carried out at 35 ºC and 275 bar with 25 wt.% CaLB 

(polymerisation data not reported in this Thesis) for 3, 6 and 24 h. Initially, only 

oligomers were obtained whilst after 24 h hours, poly(glycerol succinate) was 

obtained with Mn of 3,000 Da. The same reaction was performed in the 

absence of scCO2 and, as expected, no polymer was obtained. Consequently, 

scCO2 plays a crucial role in the polymerisation of poly(glycerol succinate).  

3.5.4. Enzymatic polycondensation of poly(glycerol succinate) under 

supercritical conditions 

To the best of the author’s knowledge, the enzymatic polycondensation of 

poly(glycerol succinate) under supercritical conditions has never been 

investigated. scCO2 is used as a reaction medium to synthesise glycerol-

based polyesters at low temperatures, using a bio-catalyst in a solvent-free 

system.  

The polymerisations were carried out for 24 hours at 275 bar with 25 wt.% 

(includes polymer support) CaLB. The effect of the temperature (40-60 ºC) and 

the molar ratio of the monomers was investigated (Table 3.11).  

Table 3.11 – Synthesis of poly(glycerol succinate) via enzymatic supercritical conditions. a it was 
determined by the Frey’s equation (Equation 3.7). 

 
Entry Ratio (Gly:SA) Yield Mn

GPC (Da) Đ DBa Tg 

40
 ºC

 12 1:1 87% 3,400 3.00 5% -74 ºC 

13 1:2 67% 1,900 1.48 10% -44 ºC 

14 2:1 59% 1,100 2.85 11% -74 ºC 

50
 ºC

 15 1:1 32% 2,600 2.73 13% -48 ºC 

16 1:2 49% 1,200 1.27 8% -40 ºC 

17 2:1 85% 2,700 1.84 3% -56 ºC 

60
 ºC

 18 1:1 84% 1,700 3.41 11% -55 ºC 

19 1:2 88% 3,500 1.19 8% -50 ºC 

20 2:1 78% 1,300 3.84 9% -77 ºC 
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1H-NMR of PGLSA synthesised under supercritical conditions is shown below 

(Figure 3.20). All the spectra from the synthesised PGLSA (at different 

temperatures and G:SA molar ratios) revealed the presence of the same peaks 

as the polymers synthesised with CaLB in melt conditions. The low intensity of 

the proton Hb (around 5.28 ppm) in the tri-substituted glycerol unit shows a 

noticeable low degree of branching.  

 
Figure 3.20 – 1H-NMR spectrum of PGLSA enzymatic catalysed under scCO2, at 60 ºC (275 bar) with a 
G:SA molar ratio of 1:2 (entries 19 from Table 3.4 and Table 3.11).  

As discussed previously for the melt polycondensation of PGLSA, with or 

without a metal catalyst, the lower the ratio of Gly:SA, the earlier the gelation 

occurs and the higher the DB. However, when using CaLB, the DB in melt 

polycondensations was not affected by the molar ratio of alcohol:diacid. Under 

supercritical conditions, the same behaviour can be observed. At 40 ºC and 

with a molar ratio of G:SA 1:1 (Table 3.11, entry 12), a waxy yellow polymer 

with a molecular weight of 3,400 Da, with a low DB and a broad dispersity, 

Đ = 3, was obtained. When increasing the diacid content (Table 3.11, entry 

13), the branching increased by 5%, while the molecular weight decreased to 

1,900 Da (Đ = 1.5). Upon increasing the glycerol content to a molar ratio of 2:1 

(Table 3.11, entry 13), the molecular weight decreased even more to 1,100 Da 
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(Đ = 2.8), while maintaining a DB of 11%. At 40 ºC, there is no clear effect on 

the DB (confirmed by NMR and MALDI) when changing the molar ratio of the 

monomers, but it was possible to observe an effect on the molecular weight. 

At a temperature of 50 ºC and an equimolar ratio G:SA 1:1 (Table 3.11, entry 

15), a polymer with a molecular weight of 2,600 Da (Đ = 2.7) with a low DB of 

13% was obtained. Changing the diacid to glycerol ratio, 1:2 and 2:1 (Table 

3.11, entries 16 and 17), resulted in polymers with molecular weights of 1,200 

Da (Đ = 1.2) and 2,700 Da (Đ = 1.8), respectively, both with a low DB.  

Upon increasing the temperature further to 60 ºC, at a 1:1 molar ratio (Table 

3.11, entry 18), a polymer with Mn of 1,700 Da (Đ = 3.4) was obtained, again 

with a low DB of 11%. By varying the diacid and glycerol ratio, 1:2 and 2:1 

(Table 3.11, entries 19 and 20), linear polymers with molecular weights of 

3,500 Da (Đ = 1.2) and 1,300 Da (Đ = 3.8) were obtained, respectively. Under 

supercritical conditions, using a biocatalyst, the effect of molar ratio does not 

have an impact on branching, at the range in temperatures studied here. This 

finding proves the regioselectivity of the enzyme under these reaction 

conditions.  

However, the molecular weight fluctuates when changing the reaction 

conditions. At an equimolar ratio of G:SA 1:1, at 40 ºC, the polymer with the 

highest molecular weight (3,400 Da) with a broad dispersity (Đ = 3) was 

obtained. Using an excess of diacid, 1:2, at 60 ºC, resulted in the polymer with 

the highest Mn with 3,500 Da (Đ = 1.2). Yet an excess of glycerol resulted in 

the polymer with the highest molecular weight at 50 ºC, with a Mn of 2,700 Da 

(Đ = 1.8). From the results obtained, there is no clear trend in the synthesis of 

poly(glycerol succinate).  

Regarding the thermal properties of PGLSA synthesised under enzymatic 

supercritical conditions, no obvious trend was observed. As reported for the 

linear PGLSA obtained via enzymatic melt polycondensation (3.5.1 Melt 

polycondensation of poly(glycerol succinate) with and without catalyst), 

PGLSA shows a Tg around -74 – -40 ºC which is in the expected range in glass 

transition temperatures for linear polyesters.   
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To show the topology of the synthesised PGLSA enzymatic catalysed under 

scCO2, MALDI-TOF was performed. The spectrum for the polymer 

synthesised at 60 ºC, 275 bar for 24 h with a G:SA molar ratio of 1:2 is shown 

below (Figure 3.21, sample from entry 19 of Table 3.11) and it is similar to the 

other polymers synthesised. Using this technique confirms the presence of a 

linear PGLSA. However, since the DB of this polymer is 8%, we would have 

expected some branching, but much less than was observed for Sn(Oct)2 

catalysed reaction, where a DB of 87% was obtained. 

 
Figure 3.21 – MALDI-TOF mass spectrum section of K+ and Na+ adducts of PGLSA synthesised under 
enzymatic supercritical conditions (entries 19 from Table 3.11). Note: u an unknown peak; the peaks 
not assigned are assumed to be noise from the baseline spectrum; G = glycerol; SA = succinic acid; 
orange annotation denotes the branched structure of PGLSA; black denotes the linear structure of 
PGLSA. 

Using scCO2 as a reaction medium offers great opportunities. In addition to 

the fact scCO2 is a more environmentally friendly medium and a solvent-free 

system, low temperatures and enzymes can be used and it is possible to 

obtain linear PGLSA.  
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3.6. Technical note 

It took nearly 2 years to understand the enzymatic polycondensation of 

glycerol and succinic acid under scCO2. Initially, the author faced some 

challenges to solubilise PGLSA, making it hard to perform a suitable 

characterisation (GPC and NMR analysis). In addition to this, as a 

consequence of solubility issues, MALDI results were obtained from samples 

that contained enzyme beads. The MALDI spectra showed unusual repeating 

patterns of 44 m/z (Figure 3.22). After several studies and reactions (including 

kinetic studies, changing of the diacid and polyol – results not shown) the 

author managed to solve the solubilisation problem. Upon reaction completion, 

the polymeric samples were dissolved in THF, gently heating at 40 ºC, and 

filtered to remove the enzyme beads and molecular sieves. MALDI analysis 

performed after this “purification” step, showed a repeating pattern of 174 m/z 

(which corresponds to the PGLSA repeated unit). This has confirmed that the 

presence of the enzyme beads in solution was the problem. Therefore, to 

prove that the reason of having 44 m/z repeated units was because of the 

enzyme, CaLB beads were analysed through MALDI. Unexpectedly, a 

spectrum with a repeating pattern of 44 m/z was obtained (Figure 3.23). The 

author suspects that this might be related to the ionisation of the acrylic resin, 

used to immobilise the enzyme.  

     
Figure 3.22 – MALDI-TOF spectrum obtained of PGLSA before removing CaLB beads, showing the 
repeating unit of 44 m/z.  
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Figure 3.23 – MALDI-TOF spectrum obtained of CaLB beads in solution, showing the repeating unit of 
44 m/z. 
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3.7. Conclusions 

This chapter demonstrates a greener approach to synthesise linear 

poly(glycerol succinate) (PGLSA) using Novozyme 435 under mild conditions. 

The methodology establishes the synthesis of polymers from renewable 

sources – glycerol and succinic acid, using scCO2 as the reaction medium.  

Initially, the synthesis of PGLSA under conventional conditions through melt 

polycondensation, in the absence and in the presence of a metal catalyst, was 

accomplished. Branched and crosslinked polymers were obtained. This 

procedure is used industrially and requires high temperatures which are not 

ideal from an environmental point of view. The branched polymer structure 

obtained was confirmed by 1H-NMR, 13C-NMR, COSY and 2D-HSQC NMR 

spectroscopy and MALDI-TOF spectrometry.  

To avoid branching/crosslinking, Novozyme 435 was used instead of the metal 

catalyst, in melt polycondensations. Even at high temperatures, CaLB 

demonstrated to be regioselective. Linear poly(glycerol succinate) structures, 

with low degrees of branching, were obtained.  

However, melt polycondensation reactions still required high temperatures. By 

exploiting the unique properties of scCO2, it was possible to synthesise linear 

renewable polyesters with pendent hydroxy groups. This has been possible 

without the need of high temperatures, large amounts of toxic solvents or pre-

modification of monomers. The linear chemical structures were confirmed by 
1H-NMR, 13C-NMR, COSY and 2D-HSQC NMR spectroscopy and MALDI 

spectrometry, showing that there was minimal esterification on the secondary 

hydroxy group of the glycerol monomer. 

This process shows that it is possible to synthesise PGLSA using a green, 

solvent-free, low-temperature route. Dropping the polymerisation temperature 

from 140 ºC to 40 ºC has a dramatic effect. Such high-pressure process would 

be more energetically sustainable than a conventional melt synthesis. 

Nonetheless, the major drawback of this process, is the need of using a toxic 

solvent (THF), although in a small amount, to separate the polymer from the 
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enzyme beads. However, this could be overcome by using scCO2 as a 

plasticiser, with the aim to liquefy the polymer and allow clear separation of the 

enzyme beads.105 This was demonstrated by our group previously by placing 

the enzyme beads in a small wire mesh filter basket and by placing in the 

bottom of the autoclave. This step not only enables separation of the polymeric 

products and enzyme beads, but also allows recycling of the enzyme. 

In the next chapter (Chapter 4), the possibility of functionalising the hydrophilic 

groups present in the polymer backbone of linear polyesters synthesised from 

glycerol will be investigated. 
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CHAPTER 4. APPLICATION OF GLYCEROL-BASED POLYMERS 

4.1. Overview 

Surfactants (surface-active agents) are amphiphilic compounds, containing 

both hydrophilic and hydrophobic moieties in the same molecule. They are 

widely used as emulsifiers, detergents and foaming agents in several 

industries: home care, personal care, health care, cleaning, industrial uses and 

crop care. Since their introduction in the market, around the early 20th century, 

the production of surfactants from petrochemical sources has continually 

increased.229 The global production of surfactants has now reached 18.5 

million tons per year and is forecast to grow at a compound growth rate 

(CAGR) of 5% during the forecast period 2018-2023.230 Recently, global 

social-environmental awareness has become a major driving force for both 

industry and research to exploit new strategies to synthesise more 

environmentally-friendly and economically viable surfactants.231 The synthesis 

of greener surfactants has been recently studied.45, 112, 231-232 

In this chapter we will explore poly(glycerol succinate) polymer (PLGSA), 

synthesised using scCO2 and enzymes in Chapter 3. Could these provide a 

novel methodology for the production of greener surfactants? Thus, this 

chapter focuses on developing the enzymatic assisted synthesis of glycerol 

and succinic acid, with specific molar ratio, and investigating end-capping with 

lauric acid or methoxy poly(ethylene glycerol) (with a molecular weight of 

350 Da).  

To assess the properties and the efficiency of the surfactants, several 

analytical methods will be used to characterise the surfactants: 1H-NMR, GPC 

and DSC. The ability of these compounds to reduce the surface tension of 

water will be evaluated pre- and post-end capping. Both dynamic and 

equilibrium (static) surface tension measurements will be performed. The 

critical micelle concentrations, size of the micelles and the determination of 
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contact angle formed between interfaces will also be determined. 

Comparisons will be made with commercially available surfactants.  
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4.2. Introduction 

4.2.1. Surfactants  

Surfactants (contraction of the term surface-active agents) are well known 

molecules able to modify the surface properties of liquids, typically water. They 

have at least one lyophilic (‘solvent-loving’) group and one lyophobic (‘solvent-

hating’) group in the molecule. If the solvent is water or an aqueous solution, 

then the terms would be ‘hydrophilic’ and ‘hydrophobic’, respectively (Figure 

4.1).  

 
Figure 4.1 – Schematic representation of a surfactant. Light blue part represents the hydrophilic head; 
dark blue part represents the hydrophobic tail. 

Before World War I, the great majority of surfactants present in cleaning and 

laundering products were from a fatty acid soap derived from natural fats and 

oil. The first synthetic surfactants for general application were developed in 

Germany during World War I (1914-1918), as an attempt to overcome 

shortages of available animal and vegetal fats.233 These surfactants, resulting 

from the reaction of propyl, or butyl alcohol, with naphthalene followed by 

sulfonation, were useful as detergents and they are still in use today. In the 

early 1960s, alkylbenzene sulfonate (ABS) was the major ingredient used in 

washing products. The mass production of this surfactant was responsible for 

sewage effluents producing large amounts of foam in rivers, streams and lakes 

throughout the world. In addition to the nasty appearance of foam in 

waterways, the water tended to foam even when coming out of the tap.234 To 

combat these problems, chemical industries developed new and efficient 

processes for the production of petroleum-based surfactants. Moreover, 

economic and cultural changes, increasing population and the spread of 

automatic washing machines, etc., led to an increase in surfactant 

consumption worldwide. In 1945, synthetic surfactants represented only 4% of 
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the total market; by 1970, synthetic surfactants had risen to over 80% of total 

soap and detergent production.233 

The properties and applications of surfactants vary with the chemical structure 

of the “hydrophilic head” and “hydrophobic tail”. Two different phenomena can 

occur with surfactants: adsorption and aggregation. Surfactant molecules in 

an aqueous environment will migrate to air/water and solid/water interfaces, 

positioning in such a way to minimise the contact between their hydrophobic 

groups and water. This process is referred to as adsorption and it results in a 

change in the properties at the interface. Aggregation, or micellisation, is a 

process whereby the surfactant molecules aggregate limiting the contact 

between the hydrophobic groups and the water by forming so called micelles. 

Micelles are ordered structures (Figure 4.2) that begin to form above a certain 

concentration value – the critical micelle concentration (CMC), above which 

the surfactant is no longer homogeneously dispersed at a molecular level into 

the water phase.235 

 
Figure 4.2 – Typical micelle configurations. 

Surfactants exhibit different properties: wetting, foaming/defoaming, 

emulsification/demulsification, dispersion/aggregation of solids, solubility and 

solubilisation, adsorption, micellisation, detergency and synergistic 

interactions with other surfactants.236 Table 4.1 shows some application areas 

and corresponding criteria according to several governmental 

agencies/protocols, such as the European Inventory of existing chemical 

substances (EINECS), Food and Drug Administration (FDA) and REACH 

(Registration, Evaluation and Restriction of Chemicals). 

 

 

spherical lamellar cylindrical
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Table 4.1 – Criteria to be met in some applications. (adapted from Farn 236) 

Application Criteria 

Domestic and industrial cleaning Surfactants must be biodegradable; 

Personal care products 
Surfactants must be biodegradable; 
Low skin and eye irritation; 
Low oral toxicity 

Crop care products In accordance with EPA regulations; 
Low toxicity; 

Oil field chemicals Low toxicity; 

Food grade emulsifiers Must meet vigorous food additive standards 
for toxicity; 

Emulsion polymers for coatings, inks 
and adhesives applications 

Must comply with FDA or BGA‡ regulations 
for some applications (direct/indirect food 
contact); 

 

Surfactants are generally classified by ionic types: anionic, cationic, non-ionic 

and amphoteric (or zwitterionic). Anionic surfactants have a negatively 

charged (anion) hydrophilic head and dissociate in water into a negatively and 

positively charged ions (Figure 4.3 B)). They are used in detergent 

formulations and personal care products237 and are considered the largest 

class of surfactants.238 Cationic surfactants have a positively charged (cation) 

hydrophilic head and dissociate in water into negatively and positively charged 

ions (Figure 4.3 C)). These surfactants are used as fabric softeners, hair 

conditioners and antibacterial agents.239-240 Non-ionic surfactants do not 

dissociate in water and have a neutral hydrophilic head (Figure 4.3 A)). These 

are commonly used in the formulation of emulsifiers, dispersants and low-

temperature detergents.241 Depending on the pH, amphoteric surfactants have 

the hydrophilic head positively or negatively (or both) charged (Figure 4.3 D)). 

They are cations in acidic medium, anions in alkaline medium and amphoteric 

in intermediate pH range. Zwitterionic surfactants are generally used in baby 

shampoos (less irritating to skin and eye), toiletries and 

cleaners/detergents.242  

                                            
‡ BGA (from Bundesgesundheitsamt) is the German Federal Health Department. 
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Figure 4.3 – Schematic representation of the different types of surfactants. 

4.2.1.1. Surface activity – surface tension  

A surfactant is a molecule which, at low concentrations, has the ability to 

adsorb onto surfaces (or interfaces) of a system and to markedly change the 

surface (or interfacial) free energies of those surfaces (or interfaces).243 The 

term surface corresponds to an interface where one phase is a gas, e.g. air. It 

denotes a boundary between two immiscible phases. The interfacial free 

energy is the minimum work needed to create that interface, and this free 

energy can be measured to determine the interfacial tension (same as 

interfacial free energy) between two phases. Table 4.2 shows the surface 

tension (SFT) of some compounds; from these values, it can be interpreted 

that the attractive forces between water molecules are stronger than the ones 

between chloroform molecules, but weaker than mercury atoms; e.g. to a 

larger SFT value, corresponds to greater intermolecular attractive forces. 

Table 4.2 – Surface tension of some compounds. (adapted from Gecol 244) 

Compound Surface tension (γ, mN/m), at 20 ºC 
Chloroform 27 
Water 72 
Mercury 476 

The driving force for a surfactant to adsorb at an interface is to lower the free 

energy of that phase boundary.238 For example, the surface tension of water 

at room temperature is equal to the interfacial free energy per unit area of the 

boundary between water and the air above it (≈ 72 mN/m). When a surfactant 
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is added to this boundary, the surface tension (or the amount of work needed 

to expand the interface) is reduced (typically ≤ 60 mN/m).112 This occurs 

because when the surfactant is present in a system, the molecular interaction 

at the interface happens between the hydrophilic head of the surfactant and 

the polar phase molecules, and between the hydrophobic tail of the surfactants 

and the non-polar phase molecules. This will lower the tension across the 

interface due to the newly developed interactions being stronger than the 

interaction between the non-polar and polar surfaces.244 

4.2.1.2. Surface activity – surfactant aggregation  

The tendency of the surfactant molecules to self-assemble in an aqueous 

medium will depend on their concentration. The lowest surface tension is 

obtained once the CMC has been reached. Below the CMC, the surfactant 

molecules are positioned at the liquid-air interface. Increasing the surfactant 

concentration when the surface is saturated but still below the CMC causes 

the additional surfactant molecules to disperse in the liquid phase. Further 

increasing the surfactant concentration to the CMC will cause the surfactant 

molecules to aggregate into micelles, above which point further addition will 

simply increase the number of micelles present. (Figure 4.4). 
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Figure 4.4 – Schematic plot of surface tension versus log of the concentration for an aqueous solution 
of a surfactant. It is also represented with a schematic illustration of micelle formation with an increase 
of surfactant concentration.  

There are several methods to determine the surface and interfacial tension 

and they will be described later in this chapter (static and dynamic surface 

tension methods). 

4.2.2. Petrochemical derived surfactants 

Of the petrochemically derived surfactants synthesised to date, those derived 

from the non-ionic and hydrophilic polymeric surfactant, poly(ethylene glycol) 

(PEG, also known as poly(ethylene oxide), PEO) are by far the most studied 

class of surfactants. PEG offers several advantages such as high 

hydrophilicity, flexibility and biocompatibility.235 Nevertheless, the industrial 

production of PEG is essentially from petrochemical feedstocks which is not 

ideal from a sustainable perspective. Fortunately, alternative feedstocks are 

available. For example, the Acme-Hardesty Company produces biobased 

PEG with several molecular weights, (200245, 300246, 400247 and 600248 Da) 

from bagasse (derived from sugar cane pulp) up to a total biobased content of 

60% as certified by the USDA (United States Department of Agriculture).  
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With regards to hydrophobic surfactants, poly(propylene glycol) (PPG, also 

known as poly(propylene oxide), PPO) is by far the most studied and used 

industrially. The A-B-A block copolymer of PEG and PPG (PEG-PPG-PEG; 

commercially known as Pluronic® by BASF249 and Synperonic by CRODA250) 

has been used commercially and due to its natural and rapid organisation into 

micelles, has been explored for pharmaceutical applications. These include 

cancer targeting, bio-adhesive properties and drug delivery, to name a few.251 

However, PPG does not bio-degrade, and uses petrochemical-based starting 

materials, which is not ideal from a sustainability point of view. 

As mentioned previously, surfactants are widely used in several sectors and 

have been produced at an enormous scale. Therefore, synthesising 

biodegradable and biorenewable surfactants, could be an important step 

forward for a sustainable world. 

4.2.3. Surfactants from renewable resources 

Surfactants have been historically produced using either petrochemical or 

oleochemical feedstocks.252 However, petrochemicals are the most used, and 

account for around two thirds of the organic carbon in the final products.229 The 

perception that global reserves of fossil fuels are finite and the accumulation 

of waste in landfills and natural habitats are some of the driving forces explore 

new renewable feedstocks for surfactant production.253 Dornburg, et al. 254 

estimated that if surfactants were fully synthesised from renewable resources, 

in the European Union (EU), the total CO2 emissions associated with 

surfactant production and use would reduce by as much as 37%. 

Biodegradable and biorenewable polyesters such as poly(lactic acid) (PLA), 

poly(glycerol-succinate) (PGLSA) and poly(lactic-co-glycolic acid) (PLGA) 

have been combined with PEG, lauric acid (LA) and palmitic methyl ester for 

the preparation of surfactants, useful for drug delivery, household and 

industrial purposes (Figure 4.5).46, 147, 154, 255-260  
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Figure 4.5 – Synthetic scheme for biodegradable and biorenewable amphiphilic polymers: a) synthesis 
of poly(ethylene glycol)-block-poly(lactide-co-glycolide) (PEG-PLGA); b) poly(ethylene glycol)-block-
poly(lactide) (PEG-PLA); c) lauroyl poly(glycerol succinate); d) palmitoyl poly(glycerol succinate). 

Jeong, et al. 256 synthesised PEG-PLA-PEG triblock copolymers with low 

dispersity values (Đ = 1.0 – 1.3) and a molecular weight of 3,400 – 3,900 Da 

that exhibited good surfactant properties, CMC < 0.138 mg/g. However, this 

synthesis requires a metal catalyst, toluene and high temperature.  

Agach, et al. 147 synthesised lauroyl PGLSA oligoesters, obtaining oligomers 

with a molecular weight of 600 Da with a maximum CMC of 0.108 mol/L. 

Nevertheless, this synthesis required high temperatures. Furthermore, 

Khongphow, et al. 46 synthesised a PGLSA-based surfactant using palmitic 

acid methyl ester as the hydrophobic component. Again, high temperatures 

were essential to obtain polymers; surfactants with a molecular weight of 1,800 

Da were produced that exhibited relatively low CMC values (up to 0.447 

mmol/L). All these syntheses use either toxic solvents (methylene chloride)255 

or high temperatures (150 ºC).261  
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The synthesis of an ideal, sustainable and ‘green’ surfactant should avoid high 

temperatures, toxic solvents and metal catalyst that could lead to residues. 

Thus, this chapter will focus on the development of a new approach towards 

the synthesis of greener surfactants.  

4.3. Aims of the study 

The previous chapter focussed on the use of scCO2 to synthesise linear 

poly(glycerol succinate) polymers through enzymatic, near-room-temperature 

polycondensations, without the need to modify monomers (see Chapter 3). 

In this Chapter, the aim of study is to use this approach to synthesise ‘greener’ 

surfactants based on glycerol and succinic acid, end-capped with lauric acid 

or poly(ethylene glycol) in scCO2 (Figure 4.6). Glycerol is a by-product from 

biodiesel production and, due to the increase of its production, it is imperative 

to find alternative uses for glycerol. Succinic acid and PEG can be obtained by 

biomass fermentation. Lauric acid is a naturally occurring fatty acid that can 

be found in several plants. Therefore, Chapter 4 will firstly focus on the 

synthesis of ‘greener’ poly(glycerol succinate)-based surfactants through low 

temperatures and enzymatic polycondensations. 

 
Figure 4.6 – Synthetic scheme proposed for the synthesis of PGLSA end-capped with a) lauric acid and 
b) methoxy poly(ethylene glycol) (350 Da) under supercritical conditions using CaLB.  

Afterwards, this Chapter will focus on the performance of the synthesised 

surfactants. Focussing on the measurement of the surface tension (in 

equilibrium and dynamically), the critical micelle concentration, the size of the 
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micelles formed and the contact angle of the surfactant aqueous solution. 

These results will be compared with commercially available surfactants (which 

are petrochemical derived). 
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4.4. Experimental 

4.4.1. Materials 

Glycerol (≥ 99.5% purity) was purchased from Sigma Aldrich (UK) and dried 

for 24 hours under vacuum (10 mmbar) at room temperature before use and 

stored over fresh molecular sieves (4Å, particle sixe 1.6-2.5 mm) at room 

temperature. Molecular sieves type 3 and 4 Å, 1.6-2.5 mm beads, were 

purchased from Fisher Scientific (UK) and used as received. Succinic acid (≥ 

99.0% purity) was purchased from Sigma Aldrich (UK) and dried for 24 hours 

under vacuum (10 mmbar) at 50 ºC before use. Lauric acid (≥ 98.0% purity) 

was purchased from Sigma Aldrich (UK) and used as received. Poly(ethylene 

glycol) methyl ether with a molecular weight of 350 Da (M-PEG350) was 

purchased from Sigma Aldrich (UK) and stored over fresh molecular sieves 

(4Å, particle sixe 1.6-2.5 mm) at room temperature. Novozyme® 435 (CaLB 

immobilised on cross-linked acrylic resin beads) was kindly donated by 

NovozymesTM (Denmark), stored at 4 ºC and dried for 24 hours under vacuum 

(100 mbar) at room temperature (RT) before use. The commercial surfactants 

TweenTM 20 (PEG20-sorbitan laurate, ~ 1,200 Da) and NatraGemTM E145 

(polyglycerol succinate laurate, ~ 1,300 Da) were supplied by Croda Europe 

Ltd. (UK). All the solvents were of analytical grade, and used as received. 

Carbon dioxide grade 4.0 (minimum purity 99.99%) was purchased from BOC 

Special Gases (UK) and used as received. 

4.4.2. Synthesis methods 

4.4.2.1. Enzymatic synthesis of lauroyl poly(glycerol-succinate) 

using supercritical carbon dioxide 

In a typical procedure (Figure 3.8 from Chapter 3), succinic acid (5.4 mmol), 

glycerol (10.9 mmol), lauric acid (1.5 mmol, 28 mol% to the amount of SA), 

CaLB (25 wt.%§ to the total amount of monomers) and molecular sieves (size 

                                            
§ Includes polymer support 
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3Å, 25 wt.% to the total amount of monomers) were added to the stainless 

steel reaction autoclave described previously (60 mL, Chapter 2, Figure 2.2). 

An excess of glycerol was used to ensure the synthesis of glycerol terminated 

PGLSA, since lauric acid can only react with the hydroxy moieties. The vessel 

was sealed and pressurised up to 50 bar. Afterwards, the temperature was 

increased to the desired value (40, 50 or 60 ºC, Table 4.3) before the pressure 

was increased to 275 bar. The reaction was left to run for 24 h while stirring at 

150 rpm. To avoid polymer foaming and consequently blockages in the 

pipework, the reactions were stopped by cooling the vessel in a water/ice bath 

(~ 0 ºC) before venting. The CO2 was vented when the pressure was below 20 

bar. Finally, the product was collected and dissolved in 10 mL of 

tetrahydrofuran (heated at 40 ºC to ensure complete dissolution) and filtered 

to remove the enzyme beads and molecular sieves. The solvent was then 

removed under reduced pressure, leaving solid polymeric products. To ensure 

complete removal of the solvent, the samples were dried under vacuum, at 

room temperature, overnight. Product yields are summarised below (Table 

4.4). The reactions were performed at least twice to check reproducibility.  

4.4.2.2. Enzymatic synthesis of PEG-poly(glycerol-succinate) 

using supercritical carbon dioxide 

In a typical procedure (Figure 3.8 from Chapter 3), succinic acid (10.9 mmol), 

glycerol (5.4 mmol), M-PEG (2.4 mmol, 15 mol% to the total amount of SA and 

G), CaLB (25 wt.%** to the total amount of monomers) and molecular sieves 

(size 3Å, 25 wt.% to the total amount of monomers) were added to the stainless 

steel reaction autoclave as described previously (60 mL, Chapter 2, Figure 

2.2). An excess of succinic acid was used to ensure the synthesis of SA 

terminated PGLSA, since M-PEG can only react with the carboxylic acid 

moieties. The vessel was sealed and pressurised up to 50 bar. Afterwards, the 

temperature was increased to the desired value (40, 50 or 60 ºC, Table 4.3) 

before the pressure was increased to 275 bar. The reaction was left to run for 

24 h while stirring at 150 rpm. To avoid polymer foaming and consequently 

blockages in the pipework, the reactions were stopped by cooling the vessel 

in a water/ice bath (~ 0 ºC) before venting. The CO2 was vented when the 
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pressure was below 20 bar. Finally, the product was collected and dissolved 

in 10 mL of tetrahydrofuran (gently heated at 40 ºC, to ensure complete 

dissolution) and filtered to remove the enzyme beads and molecular sieves. 

The solvent was then removed under reduced pressure, leaving solid 

polymeric products. To ensure complete removal of the solvent the samples 

were dried under vacuum overnight at room temperature. Product yields are 

summarised below (Table 4.5). The reactions were performed at least twice to 

check reproducibility. 
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Table 4.3 – Summary of reactions conducted using supercritical carbon dioxide at 275 bar for 24 hours. Note: a includes polymer support; X = co-monomer, poly(ethylene glycol) 
with molecular weight of 350 Da (PEG350) or lauric acid (LA); ��indicates solubility in water. 

Entry Ratio (Gly:SA:X) X T ºC Catalysta Appearance Soluble in water 

1 2:1:0.15 LA 40 ºC 25 wt.% CaLB Waxy white � 

2 2:1:0.15 LA 50 ºC 25 wt.% CaLB Waxy white � 

3 2:1:0.15 LA 60 ºC 25 wt.% CaLB Waxy white � 

4 1:2:0.15 PEG350 40 ºC 25 wt.% CaLB Waxy yellow � 

5 1:2:0.15 PEG350 50 ºC 25 wt.% CaLB Waxy yellow � 

6 1:2:0.15 PEG350 60 ºC 25 wt.% CaLB Waxy yellow � 
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4.4.3. Surfactant characterisation 

Polymeric surfactant structures were analysed using 1H-NMR spectroscopy, 

GPC and DSC. All these techniques are discussed in further detail in 

Chapter 2. 

4.4.3.1. Tensiometry 

Surface tension measurements were made using the Wilhelmy plate method 

and a bubble tensiometer, measuring equilibrium (static) and dynamic surface 

tensions, respectively (described in detail in Chapter 2). Measurements were 

made in duplicate and the commercial surfactants TweenTM 20 and 

NatraGemTM E145 were assessed for comparison.  

For the dynamic surface tension measurements all the synthesised 

poly(glycerol succinate) polyesters along with the corresponding end-capped 

polymers with lauric acid and PEG350 were assessed, typically at 1 wt.%, 0.5 

wt.% and 0.1 wt.% in water.  

For the equilibrium (static) surface tensions, all the synthesised poly(glycerol 

succinate) polyesters along with the corresponding end-capped polymers with 

lauric acid and PEG350 were assessed, typically at 1 wt.% in water.  

4.4.3.2. Critical Micelle Concentration 

The CMC was determined using the Wilhelmy plate method. The system 

contains an automated dispensing unit which enables a high number of 

measuring points across a broad concentration range (10,000 – 0.1 mg/L). 

Starting at a concentration of 1 wt.% (10,000 mg/L) in water, the polymer 

solution was diluted stepwise and surface tension measurements taken at 

each concentration. Surface tension versus concentration (logarithmic scale) 

was plotted and the CMC value was determined by the intersection between 

lines (descending and quasi-horizontal lines).  
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4.4.3.3. Dynamic Light Scattering 

DLS analyses were performed in order to determine the hydrodynamic volume 

of the surfactant aggregates/micelles, in an aqueous solution (described in 

detail in Chapter 2). Analyses were performed at room temperature (25 ºC) on 

a 100 µL sample at concentrations between 1 – 0.001 wt.%.  

4.4.3.4. Contact angle measurement  

To evaluate the contact angle of the surfactants, the static sessile drop method 

was used on the surface of parafilm plate (OCA 15EC model). The aqueous 

droplet of surfactant was gently dropped on the parafilm surface using a 

microliter syringe. SCA20 (version 1.60) software was used to analyse the 

shape and to measure the contact angle of the surfactants. 
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4.5. Results and discussion 

This section will focus on the enzymatic synthesis of poly(glycerol succinate)-

based surfactants under scCO2 conditions. The principal aim of this study is to 

develop a ‘greener’ approach towards the formation of useful surfactants. The 

addition of lauric acid or poly(ethylene glycol) to PGLSA is here discussed 

(Figure 4.6). Correspondingly, their properties, as surfactants, are also 

compared with each other, and with commercially available surfactants.  

4.5.1. Enzymatic synthesis of lauroyl poly(glycerol succinate) under 

supercritical conditions 

The “green” synthesis of PGLSA based surfactants has not yet been 

extensively studied. To the best of the author’s knowledge, the enzymatic 

polycondensation of PGLSA based surfactants under supercritical conditions 

has never been investigated. Consequently, the enzymatic synthesis of lauroyl 

PGLSA (LA-PGLSA) via scCO2, at different temperatures: 40, 50 and 60 ºC is 

discussed first. The novel methodology developed and described in Chapter 3 

was used for the synthesis of biorenewable and biodegradable surfactants. 

The reactions (Table 4.4) were conducted at 275 bar for 24 h, with 25 wt.%** 

CaLB and with an excess of glycerol, to ensure the synthesis of glycerol 

terminated PGLSA, since lauric acid can only react with the hydroxy moieties 

(Figure 4.7).  

                                            
** Includes polymer support 
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Figure 4.7 – Schematic representation of the synthesised of LA-PGLSA, demonstrating the excess of 
glycerol, to ensure the synthesis of glycerol terminated PGLSA. 
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Table 4.4 – Synthesis of lauroyl-poly(glycerol succinate) under enzymatic supercritical conditions, at 275 bar. a calculated through 1H-NMR from the ratio between the integrals 
of the peaks of the polymer backbone and the end-group peak, using Equation 4.1; b determined by the Frey’s equation (Equation 3.3 on Chapter 3). 

Entry T ºC Ratio (Gly:SA:LA) Yield Mn
GPC (Da) Đ Mn

NMR(Da)a DBb Tg Tm 

1 40 ºC 2:1:0.15 85% 1,700 1.5 2,200 12% – 48 ºC 

2 50 ºC 2:1:0.15 96% 1,400 > 3 2,600 10% -72 ºC 50 ºC 

3 60 ºC 2:1:0.15 92% 2,000 1.8 2,800 5% -78 ºC 50 ºC 
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Through 1H-NMR, it was possible to calculate the Mn
NMR of the synthesised 

polymers. The integrals assigned to the PGLSA backbone, normalised to the 

methyl group of the LA end-capper, were used to estimate the molar mass 

(Equation 4.1 and Figure 4.9).  

Mn
NMR = 

Ie-4
4

+
If-1
1

+
Ic
4

3
 × 174 + 56 + 2 × 200 

Equation 4.1 – Average molecular weight of LA-PGLSA calculated through 
1
H-NMR, using the integration 

of the peaks Ha (0.88 ppm, terminal methyl group from LA), He (Ie, 3.50-3.72 ppm), Hf (If, 3.83 and 5.07 
ppm) and Hc (Ic, 2.58-2.69 ppm). The values 174, 56 and 200 are for the molar mass of: repeat unit of 
PGLSA, glycerol unit used as linker (to react with LA) and LA unit, respectively. 

For the LA-PGLSA synthesis, an excess of glycerol was used to ensure the 

attachment of LA to the terminal units of glycerol. Therefore, the calculation of 

Mn
NMR focussed on the specific NMR signals of the terminal glycerol units 

linker, not those of the repeating unit of the PGLSA backbone. Hence, in 

Equation 4.1, for the integration peaks of He (Ie, 3.50-3.72 ppm) and Hf (If, 

3.83 ppm) it was subtracted the 5 protons that correspond to the glycerol unit 

as linker (Figure 4.9). By adding the contribution of SA (Ic), the resulted value 

was multiplied by 174, which is the molar mass of the repeat unit of PGLSA. 

Afterwards, it was added 56 (which is the molar mass of glycerol as linker) and 

2 x 200, which is the molar mass of lauric acid. Nevertheless, it is important to 

mention that if the calculation of the Mn
NMR had been done considering all the 

glycerol units, the value would not have been significantly different.  

 

Figure 4.8 – Schematic representation of LA-PGLSA, highlighting in green the GL unit used as linker, 
and which is not part of the repeating unit of the PGLSA backbone. Note: GL = glycerol. 

To evaluate the successful attachment of LA to the PGLSA backbone, 

Equation 4.2 was used.  

LA-PGLSA(%)NMR = 

Id
4

Ia
6

 × 100 

Equation 4.2 – Percentage of LA attached to the PGSLA backbone.  
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The calculated Mn
NMR (Table 4.4, Figure 4.9, Figure A 1 and Figure A 2 from 

Appendix) show good agreement with the values obtained through GPC. In 

addition to the molecular weight, all the polymerisations of LA-PGLSA 

polymers show a low degree of branching (DB) (Table 4.4), which was 

expected because of the extensive study of branching described in Chapter 3. 

 

Figure 4.9 – 
1
H-NMR spectrum of LA-PGLSA from entry 1, Table 4.4. The solvent used was acetone-d6. 

Integrals of the peaks of Ha (0.88 ppm, terminal methyl group from LA), and He (3.50-3.72 ppm), Hf (3.83 
ppm) and Hc (2.58-2.69 ppm) (backbone of PGLSA) can be used to estimate the average molecular 
weight of the polymer. The peak at 1.29ppm, Hb, is assigned to the –CH2– in the LA chain, while peaks 
at 1.59 and 2.31 ppm, Hc and Hd, are assigned to the –CH2– close to the carboxy group of LA (–CH2–
CH2–COO–). Note: � is an unknown peak; the schematic representations shown in the highlighted 

region (5.4-4.8 ppm) corresponds to the branched, linear and terminal glycerol units as follow:  = 

linear glycerol unit; in this case, the polymerisation occurred in positions e,  = linear glycerol unit; in 

this case, the polymerisation occurred in positions e (right) and f,  = terminal glycerol in the polymer 

backbone, leaving the hydroxy groups e free,  = trisubstituted glycerol unit in the branched polymer 
backbone; the 

1
H-NMR spectra for the other LA-PGLSA polymers are available in the Appendix (Figure 

A 1 and Figure A 2).  

The LA-PGLSA synthesised at 40 ºC (entry 1, Table 4.4; Figure 4.9) was 

obtained with 85% yield and a molecular weight of 1,700 Da (Mn
GPC) (DB = 

12%) and, through Equation 4.2, it has 98.5% of the detected LA attached to 

the PGLSA backbone. This shows a high yield of end-capping LA units added 

to the PGLSA via enzymatic polycondensation under supercritical conditions. 
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When increasing the temperature to 50 ºC, (entry 2, Table 4.4), the yield 

increased to 96% although the Mn
GPC decreased to 1,400 Da (DB = 10%). This 

polymer shows a successful 99% attachment of LA to the PGLSA backbone. 

Increasing even further to 60 ºC, a polymer was obtained with a molecular 

weight of 2,000 Da (Mn
GPC) (DB = 5%) and 92% yield. In addition, it was 

confirmed that 96.5% of LA is attached to the PGLSA backbone. Changing the 

polymerisation temperature did not have a noteworthy effect upon the 

molecular weight of the polymers. Hence, from a sustainable viewpoint it is 

clear that at 40 ºC would be a better choice to polymerise LA-PGLSA. 

The thermal properties of LA-PGLSA polymers were investigated through 

differential scanning calorimetry (DSC). As expected, low glass transition 

temperatures (Tg) were obtained. However, at 40 ºC it was not possible to 

detect the Tg (Figure 4.10 A and B). It is well known that thermal properties of 

polymeric structures can be affected not only by the degree of polymerisation, 

but also by the type of end-groups.262-263 Since the LA-PGLSA synthesised 

polymers have similar molecular weights and structure, there is no significant 

difference in the thermal properties. These results are consistent with what has 

been shown previously by other authors with similar polyesters.232 TweenTM 20 

(also known as polyoxyethylene (20) sorbitan monolaurate), a commercially 

available non-ionic surfactant, has Tg of ca. -61 ºC and a Tm ca. -15 ºC.264 

These values are a consequence of the branched structure of the polar head 

and the acyl chain which increase the free volume between polymeric chains. 

LA-PGLSA polymers also exhibit the presence of a polar head and the acyl 

chain with 12 carbons, which increases the free volume in between polymeric 

chains and, therefore, leads to a low Tg. Nevertheless, the melting points of 

LA-PGLSA were ca. 48-50 ºC, which are close to values obtained by other 

authors for similar polyesters (linear polyesters based on pentaerythritol, 

succinic acid and lauric acid).265  
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Figure 4.10 – DSC traces (2
nd

 heating scans are shown) of the copolymers LA-PGLSA synthesised under 
enzymatic supercritical conditions at 40, 50 and 60 ºC. A) These traces show the detection of the Tg and 
Tm of LA-PGLSA; the highlighted region in orange is zoomed in below, in B) to demonstrated the Tg of 
the LA-PGLSA. 

 

4.5.2. Enzymatic synthesis of PEG-poly(glycerol succinate) under 

supercritical conditions 

The synthesis of poly(ethylene glycol)-based surfactants has been extensively 

studied because it offers several advantages such as flexibility and 

biocompatibility. The industrial production of PEG uses mainly petrochemical 
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starting materials, although the Acme-Hardesty company produces biobased 

PEG, using bagasse as feedstock.266  

Hence, we will discuss the enzymatic synthesis of PEG-PGLSA via scCO2, at 

different temperatures: 40, 50 and 60 ºC. The novel methodology developed 

and described in Chapter 3 has been used for the synthesis of biorenewable 

and biodegradable surfactants. The reactions (Table 4.5) were conducted at 

275 bar for 24 h, with 25 wt.%†† CaLB and with an excess of succinic acid, to 

ensure the synthesis of succinic acid terminated PGLSA, since M-PEG can 

only react with the carboxy moieties (Figure 4.11).  

 

Figure 4.11 – Schematic representation of the synthesised of PEG-PGLSA, demonstrating the excess 
of succinic acid, to ensure the synthesis of succinic acid terminated PGLSA.  

The synthesis of PEG-based surfactant under enzymatic scCO2 has been 

done by Curia and Howdle 232. In this study, amphiphilic copolymers based on 

azelaic acid and 1,6-hexanediol were developed as building blocks of the 

hydrophobic backbone; these copolymers were end-capped with methoxy 

poly(ethylene glycol) chains. Also using supercritical carbon dioxide, Goddard, 

                                            
†† Includes polymer support 
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et al. 112 synthesised “green” surfactants, based on the polymerisation of 

sorbitol and lactide. The replacement of conventional solvents by scCO2 has 

revealed to a good medium for enzymatic polymerisation reactions towards 

the formation of surfactants.267
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Table 4.5 – Synthesis of PEG-poly(glycerol succinate) under enzymatic supercritical conditions, at 275 bar. a calculated through 1H-NMR from the ratio between the integrals of 
the peaks of the polymer backbone and the end-group peak, using Equation 4.3; b it was determined by the Frey’s equation (Equation 3.3 on Chapter 3). 

Entry T ºC Ratio (Gly:SA:PEG) Yield Mn
GPC (Da) Đ Mn

NMR(Da)a DBb Tg Tm 

4 40 ºC 1:2:0.15 93% 1,200 1.8 2,000 13% -45 ºC – 

5 50 ºC 1:2:0.15 85% 3,800 >2 2,200 0% -75 ºC – 

6 60 ºC 1:2:0.15 94% 1,500 >2 2,200 0% -74 ºC – 
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Through 1H-NMR, it was possible to calculate the Mn
NMR of the synthesised 

PEG-PGLSA. The integrals assigned to the PGLSA backbone, normalised to 

the methyl group of the M-PEG end-capper, were used to estimate the molar 

mass through Equation 4.3. 

Mn
NMR = 

Ie-31.6
4 +

If
1 +

Id-4
4

3
 × 174 + 82+ 2 × 350 

Equation 4.3 – Average molecular weight of PEG-PGLSA calculated through 1H-NMR, using the 
integration of the peaks Ha (3.29 ppm, terminal methyl group from M-PEG), He (Ie, 3.50-3.72 ppm), Hf (If, 
3.83 and 5.09 ppm) and Hd (Id, 2.58-2.69 ppm). The value 31.6 corresponds to the integral of the peak 
assigned to the –CH2– from M-PEG (1H-NMR spectrum in Figure A 3 – Appendix); these protons overlap 
with the protons –CH2– from the glycerol unit (He). The values 174, 82 and 359 are for the molar mass 
of: repeat unit of PGLSA, succinic acid unit used as linker (to react with M-PEG) and M-PEG unit, 
respectively.  

For the PEG-PGLSA synthesis, an excess of SA was used to ensure the 

attachment of M-PEG to the terminal units of SA. Therefore, the calculation of 

Mn
NMR, focussed on the specific NMR signals of the terminal SA unit as linker, 

not those of the repeating unit of the PGLSA backbone (Figure 4.12). Hence, 

in Equation 4.3, for the integration peaks of Hd (Id, 2.58-2.69 ppm), the 4 

protons that correspond to the SA unit as linker were subtracted (Figure 4.13). 

By adding the contribution of glycerol, If (3.83 and 5.09 ppm) and Ie-31.6 (3.50-

3.72 ppm), the resulted value was multiplied by 174, which is the molar mass 

of the repeat unit of PGLSA. Afterwards, it was added 82 (which is the molar 

mass of succinic acid as linker) and 2 x 350, which is the molar mass of M-

PEG. To the integration of He (Ie) it was subtracted 31.6 which corresponds to 

the integration of protons –CH2– from M-PEG (1H-NMR spectrum in Figure A 

3 – Appendix), which overlap with protons –CH2– from the glycerol unit. 

Nevertheless, as aforementioned previously (section 4.5.1 in this Thesis), if 

the calculation of the Mn
NMR had been done considering all the succinic acid 

units, the Mn value would not have been significantly different. 

  

Figure 4.12 – Schematic representation of PEG-PGLSA, highlighting in green the SA unit used as linker, 
and which is not part of the repeating unit of the PGLSA backbone. Note: SA = succinic acid. 
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The determination of the successful attachment of M-PEG to the PGLSA is not 

possible due to the overlap of the peaks (Figure A 4 in Appendix). The region 

of 4.40-4.05 ppm, (previously described in detail in Chapter 3, section 3.5.1.) 

corresponds to the protons Hf,e of glycerol unit (Hf as terminal group ( ) and/or 

to the He protons in a linear structure ( ) when the polymerisation took place 

on positions 2 and 3 of glycerol), and overlaps with the Hc proton, attributed to 

the –CH2–O– of M-PEG linked to the PGLSA backbone (Figure A 4 in 

Appendix). Hence, Equation 4.2 cannot be used for the PEG-PGLSA.  

 

Figure 4.13 – 1H-NMR spectrum of PEG-PGLSA from entry 4, Table 4.5. The solvent used was acetone-
d6. Integrals of the peaks of Ha (3.29 ppm, terminal methyl group from M-PEG), and He (3.50-3.72 ppm), 
Hf (3.83 ppm) and Hd (2.58-2.69 ppm) (backbone of PGLSA) can be used to estimate the average 
molecular weight of the polymer. The protons Hb, from the M-PEG backbone, are overlapped with the –
CH2– protons from the glycerol unit. Note: the schematic representations shown in the highlighted region 

(5.4-4.8 ppm) correspond to the branched, linear and terminal glycerol units as follows:  = linear 

glycerol unit; in this case, the polymerisation occurred in positions e,  = linear glycerol unit; in this 

case, the polymerisation occurred in positions e (right) and f,  = terminal glycerol in the polymer 

backbone, leaving the hydroxy groups e free,  = trisubstituted glycerol unit in the branched polymer 
backbone; the 1H-NMR spectra for the other PEG-PGLSA polymers are available in the Appendix; Hd 
protons corresponds to both succinic acid units as linker and as part of the backbone. 

The calculated Mn
NMR (Table 4.5 and Figure 4.13) show good agreement with 

the values obtained through the GPC technique and shows (although 
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indirectly) successful attachment of M-PEG350 Da to PGLSA polyester.  Even 

varying the temperature conditions to synthesise PEG-PGLSA, the degree of 

branching was low, which was expected. As mentioned previously, CaLB has 

selectivity to the primary hydroxy groups and, therefore, the formation of linear 

polymer is preferred. 

At 40 ºC (entry 4, Table 4.5), a PEG-PGLSA with a molecular weight of 

1,200 Da (Mn
GPC) (Đ = 1.8, DB = 13%) was obtained with a good yield, 93%. 

When increasing the temperature to 50 ºC (entry 5, Table 4.5), there was a 

sudden increase in molecular weight, 3,800 Da (Mn
GPC) (Đ > 2, DB = 0%, 85% 

yield). By contrast, the polymerisation of LA-PGLSA at the same temperature, 

50 ºC (entry 3, Table 4.4), showed a decreased Mn
GPC (1,400 Da) when 

comparing to 40 ºC (1,700 Da). Increasing further to 60 ºC, (entry 6, Table 

4.5), PEG-PGLSA with a molecular weight of 1,500 Da (Mn
GPC) (Đ > 2, DB = 

0%) and 94% yield was obtained. It is well known that increasing the reaction 

temperature should increase polymer molecular weight.268 But the data show 

that the lowest molecular weight polymers were obtained at 40 and 60 ºC, and 

the highest at 50 ºC. This could be a result of a reduction of enzyme activity at 

higher temperature. Nevertheless, throughout this work, it was already 

obtained higher molecular weight PGLSA-based polymers at 60 ºC, showing 

that the enzyme activity is not the reason for this decrease on the polymer Mn 

at 60 ºC. From these data, it is possible that inaccuracy during reagents 

measurements (from batch to batch) outweighs the influence of the reaction 

temperature on the polymer characteristics. As mentioned previously in 

Chapter 3, polycondensation reactions between polyols and diacids are 

dependent on the molar ratio of the reagents. If there is a slight change on the 

ratio (G:SA:LA molar ratio of 2:1:0.15,), the molecular weight of the polymer 

will be different. Hence, further investigations are required to fully understand 

the effect on Mn of the polymerisation temperature. 

The thermal properties of PEG-PGLSA polymers were measured by DSC. As 

expected, low Tg values were obtained (Table 4.5 and Figure 4.14) as reported 

previously for similar polyesters.232 The Tg for the samples synthesised at 40 

ºC (-45 ºC) (entry 4, Table 4.5) were higher than those produced at 50 and 60 

ºC (-75 and -74 ºC, respectively) (entries 5 and 6, Table 4.5). From this Tg 
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value, -45 ºC it seems that there are more intermolecular forces in the polymer 

chain. This small increase of the Tg could be caused by three reasons. First, 

might be lower incorporation of M-PEG in the PGLSA backbone. PEG is 

considered to be a plasticiser, decreasing the glass transition of polymers.269 

However, although this glass temperature is higher than the other synthesised 

PEG-PGLSA polymers, it is still in the range in glass transition temperatures 

for linear polyesters.268, 270 Secondly, the influence of polymer branching might 

be also responsible for this discrepancy in values. At 40 ºC, PEG-PGLSA 

showed a DB of 13%, while at 50 and 60 ºC, no branching was detected. The 

increase of the degree of branching could increase the entanglements 

between the polymer chains resulting in a higher Tg. Thirdly, the existence of 

more oligomers in the polymers synthesised at 50 and 60 ºC (reflected by the 

high dispersities obtained) might influence the Tg. Generally, small molecules 

(oligomers) are effective as plasticisers, having the capacity in lowering the Tg 

of the host polymer.271-274 

By contrast to the LA-PGLSA polymers, no Tm values were detected for the 

PEG-PGLSA polymers. Curia 232 synthesised a polyester (based on azelaic 

acid, hexanediol and PEG350), and observed a Tm ca. 20-40 ºC, but this work 

is based on the polycondensation of monomers (diacid and diol) with higher 

numbers of carbon atoms hence giving opportunity for molecular packing and 

the onset of crystallinity. M-PEG350 has a Tm ca. -8 ºC.275 Additionally, it is 

known that the melting points of polyesters are dependent on the number of 

carbon atoms in the diacid/diol monomer: a diacid/diol with higher number of 

C atoms, will result in polyesters with higher Tm.276 In the present work, glycerol 

and succinic acid have much shorter carbon chains. Therefore, this might 

explain the absence of Tm values in PEG-PGLSA polyesters.  
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Figure 4.14 – DSC traces (2nd heating scans are shown) of the copolymers PEG-PGLSA synthesised 
under enzymatic supercritical conditions at 40, 50 and 60 ºC. This trace section shows the detection of 
the Tg of PEG-PGLSA. 

 

4.5.3. Assessment of surfactant performance of glycerol-based 

surfactants 

This section explores the performance of lauroyl poly(glycerol succinate) and 

PEG-poly(glycerol succinate) as surfactants. There are clear differences in the 

structure of LA-PGLSA and PEG-PGLSA. In the latter, since there is an excess 

of SA content in the PGSLA block, there will be fewer hydroxy pendant groups 

and thus, it is expected to be slightly hydrophobic. Consequently, the addition 

of a more hydrophilic end-capper was achieved, M-PEG (Figure 4.15 B)). In 

the case of LA-PGLSA, there is an excess of glycerol content in the PGSLA 

block, it will have more hydroxy pendant groups and thus, it is expected to be 

more hydrophilic. Consequently, the addition of a more hydrophobic end-

capper was achieved, LA (Figure 4.15 A)).  
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Figure 4.15 – Schematic representation of the synthesis of A) LA-PGLSA and B) PEG-PGLSA. 

4.5.3.1. Surface tension measurement 

As mentioned previously, water has a surface tension (σ) of ≈ 72 mN/m. A 

compound which can reduce the surface tension is classified as a surfactant 

and, in this work, according to industry standards (those used at CRODA), the 

surface tension should be reduced below 60 mN/m to be classed as a good 

surfactant. To confirm the surface activity of the synthesised PGLSA-based 

surfactants, dynamic and static surface tension measurements were 

performed. The results were compared to the surface tension reductions 

achieved using commercial surfactants, TweenTM 20 and NatraGemTM E145. 

PGLSA (with G:SA of 1:2 and 2:1) reduce the surface tension of water to only 

ca. 63 mN/m, when measured dynamically or statically. Therefore, for the 

purpose of this work, the PGLSA has no surface active properties (Figure 4.16 

and Figure 4.17).  
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Figure 4.16 – Static surface tension of water, PGSLA not end-capped (with 1:2 and 2:1 G:SA molar ratio, 
both with 1 wt.%), commercial surfactants (TweenTM 20 – 1,200 Da, NatraGemTM E145 – 1,300 Da, both 
with 1wt.%) and the synthesised surfactants (1 wt.%) at different temperatures, end-capped with LA and 
PEG. Compound below the green dashed line are considered to have surface active properties. (LA-
PGLSA 40 ºC – 1,700 Da; LA-PGLSA 50 ºC – 1,400 Da; LA-PGLSA 60 ºC – 2,000; PEG-PGLSA 40 ºC 
– 1,200 Da; PEG-PGLSA 50 ºC – 3,800 Da; PEG-PGLSA 60 ºC – 1,500 Da). 

The products from the synthesis of PGLSA end-capped with LA and PEG were 

observed to become surface active, revealing static surface tensions between 

23 < σ < 28 mN/m (Figure 4.16). The commercial surfactants tested, 

TweenTM 20 and NatraGemTM E145, give a surface tension of 38 and 30 mN/m, 

respectively. LA-PGLSA and PEG-PGLSA are considered to be biorenewable 

and biodegradable, revealing good surface active properties. Comparing the 

results obtained for these polyesters with the commercial surfactants from 

petrochemical feedstocks showed that PGLSA-based surfactants revealed a 

more significant reduction of the static surface tension. 

The dynamic surface tension indicates how fast compounds migrate to the 

water-bubble interface at a specific concentration and within a given time 

frame. The 1 wt.% concentrations of PGLSA-based surfactants are reported 

here (Figure 4.18) while the 0.5 and 0.1 wt.% concentrations are shown in the 

appendix (Figure A 6 and Figure A 7, respectively). It is known that the rate of 
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reduction in surface tension, before reaching the CMC induced plateau, is 

dependent on the surfactant concentration. The higher the surfactant 

concentration, the faster the surface tension is likely to plateau 

 

Figure 4.17 – Bubble Tensiometer determination of dynamic surface tension at increasing bubble 
lifetimes for water, 1 wt.% PGLSA (G:SA 1:2 and 2:1, synthesised at 40 ºC), and commercial surfactants 
with 1 wt.%, TweenTM 20 and NatraGemTM E145. 

 
Figure 4.18 – Bubble Tensiometer determination of dynamic surface tension at increasing bubble 
lifetimes for LA-PGLSA (1 wt.%) synthesised at different temperatures (40, 50 and 60 ºC, green symbols) 
and PEG-PGLSA (1 wt.%) synthesised at different temperatures (40, 50 and 60 ºC, black symbols).  
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LA-PGLSA synthesised at 40 and 50 ºC reduced the surface tension of water 

to 23 mN/m, with the compounds quickly migrating to the surface interface 

shown by a prompt drop in the surface tension (bubble lifetime of 3 and 11 

seconds, respectively, Figure 4.18). LA-PGLSA synthesised at 60 ºC reduce 

the surface tension of water to 31 mN/m and the compounds migrated to the 

surface interface at a slower rate (bubble lifetime of 18 seconds, Figure 4.18).  

PEG-PGLSA 40 ºC shows a maximum reduction in the surface tension of 

water to 46 mN/m and the compounds migrate to the surface at a slower rate 

than LA-PGSLA (bubble lifetime of 20 seconds, Figure 4.18). When increasing 

the PEG-PGLSA synthesis to 50 and 60 ºC, the surface tension of water was 

reduced to 36 and 29 mN/m respectively, and all the PEG-PGLSA compounds 

migrate to the surface at the same rate at bubble lifetimes of 20 seconds 

(Figure 4.18). These results were comparable with the commercial surfactants 

tested, in which TweenTM 20 reduced the surface tension to 31 mN/m (bubble 

lifetime of 35 seconds) and NatraGemTM E145 to 27 mN/m (and the 

compounds migrate at a faster rate than TweenTM 20, having a bubble lifetime 

of 29 seconds) (Figure 4.17). Interestingly, the dynamic surface tension of 

PEG-PGLSA decreases with increasing of the surfactant synthesis 

temperature.  

Comparing the static (equilibrium) and dynamic surface tensions for all the 

PGLSA-based surfactants, higher values were obtained for the dynamic 

surface tension.  

In summary, PGLSA-based surfactants show similar or, in some cases, 

superior ability to reduce the surface tension of water compared with the 

commercial surfactants. These commercial compounds come from 

petrochemical feedstocks. Therefore, these data make these PGLSA-based 

surfactants strong candidates as the next generation of surfactants, since they 

are almost exclusively biorenewable and biodegradable.  

4.5.3.2. Surfactant aggregation: critical micelle formation  

The micelle formation depends on the surfactant concentration. Increasing 

concentration decreases the surface tension until the critical micelle 
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concentration (CMC) is reached, where the surfactant will start to aggregate in 

solution.  

Since LA-PGLSA (synthesised at 40 ºC) revealed the greatest solution surface 

tension reduction of 23 mN/m we determined its CMC (Figure 4.19). The CMC 

values for the other compounds – commercial available and the others 

PGLSA-based surfactants, are reported in Appendix, Figure A 8 – Figure A 10. 

This was accomplished by the automated measurements of the surface 

tension of the surfactant at a range of concentrations (1-0.007 wt.%), using the 

static Wilhelmy plate tensiometer. In this way, the CMC of LA-PGLSA 40 ºC 

was determined to be 462 mg/L (0.05 wt.%, Table 4.6). 

 

Figure 4.19 – Surface tension measurements of LA-PEG at 40 ºC at several concentrations. The CMC 
value is determined by the intersection of the two linear dotted green lines.  
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Table 4.6 – CMC values of synthesised and commercial surfactants. a) molecular weight determined by 
the supplier. The CMC values were determined by the static Wilhelmy plate tensiometer. 

Entry Compound Mn
GPC CMC (mg/L) CMC (wt.%) 

1 TweenTM 20 1,200 Daa) 289 0.02 

2 NatraGemTM E145 1,300 Daa) 312 0.03 

3 LA-PGLSA 40ºC 1,700 Da 462 0.05 

4 LA-PGLSA 50ºC 1,400 Da 223 0.02 

5 LA-PGLSA 60ºC 2,000 Da 838 0.08 

6 PEG-PGLSA 40ºC 1,200 Da 530 0.05 

7 PEG-PGLSA 50ºC 3,800 Da 640 0.06 

8 PEG-PGLSA 60ºC 1,500 Da >10,000 >1 

The petrochemical-derived non-ionic commercial surfactants typically have a 

CMC < 0.1 wt.%.277 TweenTM 20 and NatraGemTM E145 are efficient 

surfactants at concentrations as low as 290 (0.03 wt.%) and 310 mg/L (0.03 

wt.%), respectively (entries 1 and 2, Table 4.6). LA-PGLSA synthesised at 40 

ºC was able to decrease the surface tension to 23 mN/m, with a plateau 

revealing a CMC value of 462 mg/L (0.05 wt.%) (entry 3, Table 4.6). At 50 ºC, 

LA-PGSA decreased the surface tension to 27 mN/m, revealing a CMC value 

of 220 mg/L (0.02 wt.%) (entry 4, Table 4.6). Increasing the synthesis 

temperature to 60 ºC, the surfactant becomes efficient only at a higher 

concentration, 830 mg/L (0.08 wt.%) (entry 5, Table 4.6), decreasing the 

surface tension to 28 mN/m. Theoretically, the CMC depends on the chemical 

structure of the surfactant: the CMC decreases strongly with increasing alkyl 

chain length of the surfactant; the CMC increases as the polar head becomes 

larger.278 The LA-PGLSA 60 ºC reveals a lower degree of branching (DB = 

5%), while at 40 and 50 ºC, LA-PGLSA obtained DB of 12 and 10%, 

respectively. The increase of the CMC at 60 ºC might be due to the presence 

of more hydroxy pendant groups in the polar head.  

PEG-PGLSA surfactants gave higher CMC values compared to LA-PGLSA. 

These data were expected because M-PEG is a very hydrophilic end-capper 

polymer (more hydrophilic than the PGLSA block used for the LA-PGLSA 

surfactants). Therefore, as a consequence of the increase of hydrophilicity, 
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higher CMC values were obtained for PEG-PGLSA surfactants.278 At 40 ºC, 

PEG-PGLSA was able to decrease the surface tension to 28 mN/m, where it 

reaches the CMC value of 530 mg/L (0.05 wt.%), concentration and becomes 

an efficient surfactant (entry 6, Table 4.6). For the polymer synthesised at 50 

ºC, there was a slight increase in the CMC to 640 mg/L (0.06 wt.%) (σ = 25 

mN/m) (entry 7, Table 4.6). The PEG-PGLSA 60 ºC obtained, surprisingly, a 

much higher CMC value, > 10,000 mg/L (> 1 wt.%). This might be a 

consequence of uncertainty in the amount of M-PEG attached to the PGLSA 

backbone. The presence of free M-PEG (unattached to the PGLSA) might be 

the reason for this high value (entry 8, Table 4.6).  

A compound that has the ability to reduce the surface tension of water but has 

a high CMC value, does not mean it is a compound with less surface active 

properties. For some applications, having high CMC values is of great 

importance, such as for emulsifiers and solubilisers, useful in laundry 

detergents and clean-up of oil spills.279 It is beneficial for a detergent to have 

high concentrations of surfactant molecules to perform efficiently. However, for 

cosmetic and personal care products, a lower CMC value is preferable, which 

indicates that less surfactant is needed to saturate interfaces and form 

micelles.280  

When comparing these results with the commercial surfactants, excluding the 

compound PEG-PGLSA 60 ºC, the synthesised PGLSA-based surfactants are 

revealed to have promising surface active properties (σ ≤ 60 mN/m) for 

personal care products. These surfactants become efficient at low 

concentrations (≤ 0.08 wt.%) showing that they efficiently self-assemble and 

aggregate causing the surface tension to plateau. These results are consistent 

with the petrochemical derived non-ionic commercial surfactants (σ ≤ 60 mN/m 

and CMC ≤ 0.1 wt.%277) useful for cosmetic and personal care products.  

4.5.3.3. Dynamic light scattering  

Dynamic light scattering (DLS) was used to investigate the hydrodynamic 

diameter of the self-assembled structures in an aqueous environment. 
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The values obtained for the size of the self-assembled structures of PGLSA-

based polymers are in the range of 170-280 nm (entries 3-8 from Table 4.7). 

Personal care and cosmetics applications require self-assembled aggregates 

in a size range between 200-500 nm.281 For drug delivery, self-assembled 

aggregates must typically be smaller than 200 nm;282 structures with 

dimensions below 100 nm usually required in pharmaceutical formulations 

(characterised by a higher efficiency of penetration through the blood vessel 

walls)283-284.   

Most of the Z-average values are in good agreement with the mean peak size, 

suggesting that the aggregates formed are relatively monodisperse. This was 

not the case for LA-PGLSA 50 ºC and PEG-PGLSA 40ºC (entries 4 and 6, 

Table 4.7). In these polymeric samples, the Z-average (543nm and 631 nm, 

respectively) was considerably larger than the peak size (404 nm and 263 nm, 

respectively). This might be cause by the presence of larger aggregates (with 

size > 5,000 nm) as a result of the purity of the sample, leading to side-

products agglomerating and affecting DLS readings.   
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Table 4.7 – Size distribution of surfactant micelles measured by DLS. The measurements were done at surfactant concentrations higher than it CMC value. 
a
 concentration close 

to CMC value. 
b
 value reported from peak 2 because a higher peak was also present in DLS trace, > 5,000 nm, explaining the high Z-average reported.  

Entry Compound CMC  
(wt. %) 

Concentration 
(wt. %) 

Z-average  
(d, nm) 

Peak size  
(d, nm) PDI 

1 TweenTM 20 0.02 0.1 100.5 (±9.2) 106.6 (±7.2) 0.5 (±0.08) 

2 NatraGemTM E145 0.03 0.1 370 (±34.5) 379 (±144) 0.4 (±0.04) 

3 LA-PGLSA 40ºC 0.05 0.1 274 (±25.5) 224 (±16.1) 0.3 (±1.24) 

4 LA-PGLSA 50ºC 0.02 0.1 543 (±82.2) 404 (±49.3)b 0.4 (±0.05) 

5 LA-PGLSA 60ºC 0.08 0.2 247 (±9.5) 243 (±7.0) 0.2 (±0.03) 

6 PEG-PGLSA 40ºC 0.05 0.1 631 (±119.7) 263 (±96.8)b 0.5 (±0.1) 

7 PEG-PGLSA 50ºC 0.06 0.1 280 (±18.7) 289 (±51.2) 0.3 (±0.03) 

8 PEG-PGLSA 60ºC >1 1a 178 (±3.1) 212 (±8.2) 0.3 (±0.01) 
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It is well understood that the sizes of the self-assembled structures are 

influenced by the molecular weight of the building blocks, the length of the end-

cappers, and the hydrophobicity of the non-polar block.232 Two different 

surfactant molecules were analysed. LA-PGLSA polymer possesses a more 

hydrophilic block (PGLSA) which was end-capped with LA (FA), the 

hydrophobic block. Whereas PEG-PGLSA polymer possesses a more 

hydrophobic block (PGLSA) which was end-capped with PEG, the hydrophilic 

block.  

Focusing on the latter, it has been stated that the higher the molecular weight 

of the amphiphilic polymer, the larger the micelle size aggregate. For example, 

the synthesis of PEG-based surfactants resulted in different micelle sizes 

depending on the Mn obtained: 163 nm for PEG5,000Da-poly(pentadecalactone) 

(PEG5,000Da-PPDL, Mn ~ 22,000 Da285), 23 nm for PEG550Da-poly(hexanediol 

azelate) (PEG-PHAz, Mn ~ 2,000 Da232) and < 30 nm for poly(ethylene glycol)–

distearoyl phosphatidyl ethanolamine (PEG750Da-DSPE surfactants, 

Mn ~ 2,000 Da286). 

Therefore, the data from this work has shown the same trend: PEG-PGLSA 

synthesised at 50 ºC resulted in a polymer with a Mn of 3,800 Da with a micelle 

size of 280 nm. Whereas the PEG-PGLSA synthesised at 60 ºC resulted in a 

polymer with Mn of 1,500 with a micelle size of 178 nm.  

Focusing on the other type of surfactant (where the polymeric core is more 

hydrophilic and a hydrophobic block is attached to it, e.g. a FA), it has been 

shown that increasing the Mn of the hydrophobic block will result in a decrease 

of the aggregate size.232, 282 This effect might be related to the core crystallinity 

and, hence, the ability to ‘pack’ more easily in the crystalline regions, which 

will influence the core size and, consequently, the micelle size. From the 

results obtained in this Thesis, the Mn of the polymers LA-PGLSA synthesised 

at 40 and 60 ºC were 1,700 and 2,000 Da, respectively, leading to the 

formation of 274 and 246 nm micelles sizes, respectively. Therefore, the 

PGLSA crystallinity and the presence of LA-block might explain this trend in 

micelle sizes values.  
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Nevertheless, the micelles size between the two end-capped PGLSA-based 

polymers are not significant, revealing a similar micelle size range (with the 

exception of LA-PGLSA synthesised at 50 ºC and PEG-PGLSA synthesised 

at 40 ºC, as discussed above). The size distribution of the PGLSA-based 

compounds gave similar values to the commercial surfactants tested: 

NatraGemTM E145 and TweenTM 20, (100-300 nm). These preliminary results 

show that all the synthesised PGLSA-based surfactants formed self-

assembled aggregates with suitable size for personal care and cosmetic 

applications.  

It is known that the size of a micelle is dependent on the concentration and 

that surfactant molecules tend to self-organised into more stable particles with 

increasing concentration. Generally, an increase of surfactant concentration 

will result in a decrease in the particle size.287 This trend was observed in the 

obtained data apart from the polymer LA-PGLSA synthesised at 50 ºC (entries 

3 and 4 from Table 4.8) and PEG-PGLSA synthesised at 40 ºC (entries 7 and 

8, Table 4.8) where there is not significant different on the micelle size with 

surfactant concentration increase.  

The increase in concentration of PEG-PGLSA synthesised at 50 and 60 ºC is 

shown below (entries 9-12, Table 4.8) and it is possible to observe this trend, 

where there is a decrease in the micelle size with increase of the surfactant 

concentration. This was also observed for LA-PGLSA synthesised at 40 and 

60 ºC (entries 1, 2, 5 and 6, Table 4.8). This behaviour might be due to the 

increase of the number of self-assembled particles, increasing the repulsion 

forces between micelles and the diffusion speed of the particles, resulting in a 

decrease in the hydrodynamic size.287-288 
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Table 4.8 – Z-average measured by DLS of the PGLSA-based surfactants at different concentrations. 

Entry Compound Concentration (wt. %) Z-average (d, nm) 

1 
LA-PGLSA 40 ºC 

0.1 274 (± 25) 

2 0.01 342 (± 35) 

3 
LA-PGLSA 50 ºC 

0.1 543 (± 82) 

4 0.01 562 (±173) 

5 
LA-PGLSA 60 ºC 

0.5 317 (± 26) 

6 0.001 579 (± 11) 

7 
PEG-PGLSA 40 ºC 

0.1 631 (± 119) 

8 0.01 562 (± 45) 

9 
PEG-PGLSA 50 ºC 

1 404 (± 51) 

10 0.01 602 (± 74) 

11 
PEG-PGLSA 60 ºC 

1 178 (± 178) 

12 0.5 650 (± 162) 

 

Nevertheless, further investigations are desirable in order to fully understand 

the self-assembly of the PGLSA-based surfactants (such as TEM analysis to 

determine the shape to the surfactants and the influence of surfactant 

concentration in the size/shape of the self-assembled structure).  

4.5.3.4. Contact angle measurement 

The contact angle or wetting angle (θ) measures the wettability of a solid by a 

liquid and is defined as the angle between a liquid and solid interface. When a 

contact angle is low (< 90 ºC) it indicates high surface wettability; a higher 

contact angle (> 90 ºC) shows the opposite (Figure 4.20).289 This property is 

of pivotal importance for different applications, including: cleaning, lubrication, 

coating and printing, to name a few.290 The addition of surfactants into aqueous 

solutions will reduce the surface tension of water and solid-water interfacial 

tension. Therefore, it will enhance the ability of aqueous solutions to wet and 

spread over solid surfaces.291   
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Figure 4.20 – Illustration of contact angles formed by static sessile drop, on a surface of parafilm plate. 

 

For reference, a water droplet on a hydrophobic parafilm surface forms an 

angle of 110/109 º (left and right, respectively) (entry 1, Table 4.9). These 

angles were similar to the angles obtained from the droplet of aqueous PGLSA 

polymers not end-capped with LA or PEG, obtaining angles near 100 º (entries 

4 and 5, Table 4.9). This shows that the synthesised polyester that are not 

end-capped have minimal ability to reduce the interfacial tension between the 

water solution and the solid surface. The commercial surfactants TweenTM 20 

and NatraGemTM E145 presented lower contact angles of 91/90 º and 63/61 º, 

respectively, corresponding to a clear decrease in the solution interfacial 

tension (entries 2 and 3, Table 4.9). The synthesised end-capped PGLSA in 

general revealed a reduction in the interfacial tension, because the values 

obtained range from 75 º < θ < 90 º (entries 6-11, Table 4.9).  

As mentioned previously, TweenTM 20 is comprised of poly(ethylene oxide), 

sorbitan and lauric acid, which is similar to synthesised PEG-PGLSA. 

Therefore, it is unsurprising that the PEG-PGLSA gave similar contact angles. 

NatraGemTM E145 is comprised of glycerol, succinic acid and lauric acid, 

structurally similar to LA-PGLSA and, consequently, comparable contact 

angles were obtained. 

The synthesised PGLSA-based surfactants under enzymatic supercritical 

conditions revealed promising results, demonstrating similar contact angles to 

comparable commercially available surfactants. PGLSA-based surfactants 

enhance the ability of aqueous solutions to wet and spread over solid surfaces 
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further corroborating their surfactant potential for applications relating to 

cleaning products. 

Table 4.9 – Contact angles (left and right) of water, commercial surfactants at 0.5 wt.% (TweenTM 20 and 
NatraGemTM E145), PGLSA at 0.5 wt.% (with G:SA of 1:2 and 2:1, synthesised at 40 ºC), 0.5 wt.% of 
LA-PGLSA (synthesised at 40, 50 and 60 ºC) and 0.5 wt.% of PEG-PGLSA (synthesised at 40, 50 and 
60 ºC). 

Entry Compound Left angle Right angle 

1 Water 110 ± 0.2 109 ± 0.3 

2 TweenTM 20 91 ± 2.3 90 ± 2.6 

3 NatraGemTM E145 63 ± 2.3 61 ± 2.5 

4 PGLSA 1:2 40 ºC 103 ± 1.1 104 ± 2.0 

5 PGLSA 2:1 40 ºC 96 ± 0.5 96 ± 0.6 

6 LA-PGLSA 40ºC 75 ± 6.2 73 ± 7.2 

7 LA-PGLSA 50ºC 74 ± 5.9 75 ±6.7 

8 LA-PGLSA 60ºC 79 ± 5.5 78 ± 6.0 

9 PEG-PGLSA 40ºC 88 ± 0.9 88 ± 0.4 

10 PEG-PGLSA 50ºC 93 ± 0.6 93 ± 0.6 

11 PEG-PGLSA 60ºC 90 ± 0.9 90 ± 3.8 
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4.6. Conclusions 

The novel and green methodology developed in Chapter 3 for synthesising 

polyesters from a polyol and a diacid in the presence of an enzyme has been 

exploited in this chapter to develop surfactants based on glycerol and succinic 

acid end-capped with lauric acid or poly(ethylene glycol). The polymerisations 

were carried out at a fixed pressure of 275 bar, with 25 wt.%‡‡ of CaLB at a 

range of temperatures: 40 – 60 ºC, achieving high yields (> 85%). To 

synthesise these polymers (with the molecular weight obtained) at these 

remarkably low temperatures would have never been possible without the use 

of scCO2 as reaction medium. 

Initially, LA-PGLSA and PEG-PGLSA were analysed by 1H-NMR, GPC and 

DSC to confirming the enzymatic synthesis of linear polyesters.  

Afterwards, the evaluation of the performance of lauroyl poly(glycerol 

succinate) and PEG-poly(glycerol succinate) as surfactants was assessed. 

Both synthesised surfactants were shown to have the ability to decrease the 

surface tension of water to as low as 23 mN/m. These compounds have 

competitive surface active properties when comparing with commercially 

available surfactants, demonstrating that PGLSA-based surfactants might find 

applications as body-care formulations. Regarding the CMC values, the 

synthesised PGLSA-based surfactants become efficient at low concentrations 

(0.02-0.08 wt.%) showing that they efficiently self-assemble and aggregate 

causing good surface tension to plateau. These results are comparable with 

the TweenTM 20 and NatraGemTM E145 revealing that PGLSA-based 

surfactants show promising results to be used as surfactants in cosmetic 

applications. Examining the contact angle formed between the aqueous 

surfactant and a hydrophobic surface, PGLSA-based surfactants revealed an 

obvious reduction on the interfacial tension, 75 º < θ < 90 º, which will enhance 

the ability of aqueous solutions to wet and spread over solid surfaces, which 

is a very important characteristic of wetting agents. 

                                            
‡‡ Includes polymer support 
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To summarize, the biodegradable and biorenewable PGLSA-based polymers 

synthesised at mild temperatures, under enzymatic supercritical conditions, 

have been successfully demonstrated to be interesting candidates as surface-

active agents. Further analysis needs to be done to investigate more in-depth 

the self-assembly of these polymers in water, evaluating the shape of the 

structures created upon the formation of aggregated structures and to evaluate 

their potential in cosmetic formulations. 
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CHAPTER 5. THE IRONWEED OPPORTUNITY 

5.1. Overview 

Currently, epoxidised oils are produced from petrochemical feedstocks or by 

chemical epoxidation of fats and vegetable oils. They are commonly used in 

the plastics industry as an additive in the formulation of polyvinyl chloride 

(PVC) and in the coating industry for synthesising tough layers resistant to 

alkalis, acids and solvents.292 The synthesis process of these materials are 

expensive and contain volatile organic solvents,293 which are not ideal from the 

economic and environmental point of view. The need to find natural epoxidised 

oils is increasing and these are preferable to synthetic epoxidised oils.  

Ironweed plant, which is found in abundance in Ethiopia, is a non-commercial 

weed and its seeds contain 40 wt.% natural epoxy oil. The synthesis of new 

building blocks from this oil has not been investigated in great detail.60, 294-295 

Additionally, Vernonia galamensis oil contains up to 80 wt.% of vernolic acid, 

a mono-unsaturated fatty acid with an additional epoxide functionality. The 

presence of these two functional groups (an alkene and an epoxide) offers 

great opportunities to synthesise new building blocks for polycondensation 

reactions. To the best of the author’s knowledge, the derivatisation of vernolic 

acid, to synthesise new monomers for polycondensation has not yet been 

reported. Consequently, this chapter will focus on the synthesis of vernolic 

acid-based monomers, from Vernonia galamensis oil, for polycondensations, 

which are discussed later in Chapter 6.  

In this Chapter, the extraction of the oil from Ironweed, using scCO2 is 

described. Subsequently, the saponification process of the oil to obtain 

vernolic acid will be reported. Finally, the synthesis of vernolic acid-based 

monomers is discussed.    
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5.2. Introduction 

In recent decades, alternative feedstocks from biomass, are beginning to 

replace fossil feedstocks (at least in part) and have received a lot of 

attention.296 The total amount of biomass production is 170 billion tonnes per 

year and 3.5% (~6 billion tons) is presently being used for human needs.297-298 

The rest is used in the natural ecosystems (feed for wild animals) or is lost 

when biomass is obtained for humans (by burning) or because of the natural 

mineralisation process.299 The synthesis of new chemicals from biomass has 

received increasing attention in the last decades.300-303 Using triglycerides in 

polymer science is one example of this type of research.59, 296, 304 Most of these 

polymers are cross-linked, hard polymers (thermoset and coating 

materials).304-306  

The use of renewable raw materials wherever and whenever possible is one 

crucial step towards a more sustainable development due to the exhaustion of 

petrochemical resources and their environmental impact.59, 306 Therefore, 

there has been a lot of interest in using agricultural raw materials to produce 

biobased chemicals.142 Using agricultural resources (more specifically the 

waste, or resources that do not require much preparation such as weeds) has 

several advantages such as their availability, low cost and most importantly, 

their favourable environmental profile.  

5.2.1. Vernonia galamensis sp.  

Vernonia galamensis is an annual shrub native to east Africa, (including 

Ethiopia, Kenya and northern Tanzania).60, 304, 307 It can grow in a variety of 

ecological habitats ranging from dry areas with a yearly rainfall of 200 mm, to 

rich forested areas with a rainfall of 1,850 mm.60 The flower head of V. 

galamensis is 3-4 cm (Figure 5.1) wide and the seeds are dark brown, ca. 5 

mm long (Figure 5.2). It belongs to the Vernonia species, member of the family 

Compositae. Vernonia galamensis seeds contain up to 40% of natural epoxy 

oil (triglycerides), depending on the place where it grows.57, 59-60   
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Figure 5.1 – Ironweed (Vernonia galamensis sp) plants which can be found in Ethiopia. (Images from 
Nydick 308). 

 

 
Figure 5.2 – Ironweed (Vernonia galamensis sp) seeds. (Image from Richard 309). 
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5.2.1.1. Vernonia oil  

Vernonia galamensis oil contains vernolic acid (70-80 wt.%, VA, 12,13-epoxy-

9-decenoic acid), linoleic acid (12-14 wt.%), oleic acid (4-6 wt.%), stearic acid 

(2-3 wt.%), palmitic acid (2-3 wt.%) and a trace of arachidic acid.57, 60 

Chemically, vernonia oil (VO) is very similar to the synthetic epoxidised 

soybean (ESO) and linseed oils (ELO) (Figure 5.3). Soybean oil contains only 

50% of linoleic acid as its principal fatty acid (FA) while linseed oil contains 

57% of linoleic acid.60 VO contains 70-80% of its principal natural epoxidised 

FA – VA (Figure 5.4), which makes it an attractive raw material.  

VA, which is present in the VO that can be extracted from Vernonia 

galamensis seeds, shows interesting properties to be used in chemistry. 

There are only a few examples in the literature using this molecule, mainly 

focusing on the production of epoxy coatings,57 thermoplastics58 and 

biodegradable polymers (see section 1.3.2.1. of this Thesis).59 Therefore,  VA 

is a compound that needs further investigation. 

 
Figure 5.3 – Chemical structures of Vernonia, epoxidised soybean and linseed oil. 
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Figure 5.4 – Fatty acid contents present in vernonia oil. 

5.2.2. Importance of epoxides  

Epoxides are very versatile organic intermediates as a consequence of their 

reactive oxirane moiety. They can be opened by various nucleophiles or 

undergo elimination, reduction or rearrangements to other intermediates with 

the retention or inversion of the configuration. These active oxiranes are key 

building blocks for the synthesis of fine chemicals for a variety of industrial, 

pharmaceutical and biological processes.310-311  

Epoxidised oils (EO) are normally used in the plastics industry as an additive 

in the formulation of polyvinyl chloride (PVC) and in the coating industry for 

preparing tough layers resistant to alkalis, acids and solvents.60, 312-313 

Industrially, epoxy oils are produced by modifying petrochemicals. Usually 

they are expensive and contain volatile organic solvents293 which are not ideal 

from the economic and environmental point of view.  

5.2.2.1. Current challenges in epoxide synthesis 

The formation of epoxides has been studied since the beginning of the last 

century, where Prileschajew discovered that olefins react with peroxybenzoic 

acid to form epoxides (Figure 5.5).314  The epoxidation of long-chain olefins 

and unsaturated fatty acids (FA) of vegetable oils (canola, soybean and 

linseed oil, to name a few) is carried out on an industrial scale,315-318  and the 

annual production of epoxy-based materials is 259,000 tonnes in Europe.319  
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Figure 5.5 – Prilezhaev epoxidation reaction.  

As a consequence of the demand for new compounds for pharmaceutical 

products and new materials, there has been an extensive search for viable 

epoxidation reactions over the last decades, to develop less expensive and 

environmentally more benign approached.311, 320 Nevertheless, these 

procedures still require several steps and involve energy intense processes, 

such as washing steps, using solvents (toluene321, diethyl ether315 and tert-

butanol318, to name a few) and reaction temperatures of 85 ºC.318, 322 The most 

common procedure for the epoxidation of oils is based on Daniel Swern’s 

methodology (developed in 1949), wherein use of acetic acid, sulfuric acid and 

hydrogen peroxide is crucial.323  

These reaction conditions have several downsides. Strong acids are 

nonselective, cause equipment corrosion, can initiate undesirable oxirane ring-

opening (in the presence of water, leading to the formation of secondary 

hydroxy groups) and they must eventually be neutralised and removed from 

the product.321 To overcome the undesirable ring opening of the epoxide, a 

chemo-enzymatic epoxidation technique has been developed, using a lipase 

immobilised on an acrylic resin (Candida antarctica lipase B, CaLB).324-325  

Thus, using naturally occurring epoxide oils, where chemical modifications are 

not required, is highly desirable. 

5.2.2.2. Naturally occurring epoxides  

Naturally occurring epoxides are found in more than 60 species of plants 

(Table 5.1).326-327 These compounds are usually present as long-chain 

glycerides such as cis- and trans-9,10-epoxystearic acid (Figure 5.6 (3a) (3b), 
also known as epoxyoleic acid), cis-15,16-epoxylinoleic acid (Figure 5.6 (4)), 
cis-12,13-epoxyoleic acid (also known as vernolic acid, Figure 5.6 (5)) and cis-

O O
OH

CHCl3, 0 ºC

O

(1) (2)



Chapter 5.  The ironweed opportunity 

 169 

9,10-epoxy-12-octadecenoic acid (also known as coronaric acid, the vernolic 

acid isomer Figure 5.6 (6)). 328 

Table 5.1 – Plant species containing epoxy acids in the seed oil. 

Family Epoxy content in oil References 

Compositae 
(39 species) 0.2–80% 

Morris and Holman 329 
Earle and Jones 330 
Jones and Earle 331 

Cruciferae 
(1 species) 1% Gunstone and Morris 332 

Cucurbitaceae 
(1 species) 0.7% Morris and Holman 329 

Dipsacaceae 
(3 species) 11–32% Tallent, et al. 333 

Euphorbiaceae 
(3 species) 57–72% 

Bharucha and Gunstone 
334 
Kleiman, et al. 335 
Gunstone and Sykes 336 

Leguminosae 
(2 species) 6–7% Morris, et al. 337 

Morris and Holman 329 
Malcaceae 

(13 species) 0.4–7% Hopkins and Chisholm 338 
Hopkins and Chisholm 339 

Olacaceae 
(1 species) 1% Morris 340 

Onagraceae 
(1 species) 10% Jr., et al. 341 

Sterculiaceae 
(1 species) 0.2% Morris and Holman 329 

Valerianaceae 
(1 species) 30% Tallent, et al. 333 

Zygophyllaceae 
(1 species) 4% Morris and Holman 329 
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Figure 5.6 – Naturally occurring epoxides found in Compositae, Dipsaceae, Euphorbiaceae, Malvaceae 
and Dipterocarpaceae plant families. 

The epoxy acid (3a) was first isolated in 1959, from Tragopogon porrifolius 

seed oil342 and the trans-isomer (3b) in 1961, from orujo oil (olive oil waste).343 

The epoxy acid (4) was found in 1959, isolated from Camelina sativa seed 

oil.332 Vernolic acid, (5) was first found in 1954, in Vernonia anthelmintica seed 

oil.344 The vernolic acid isomer (6) was found in Chrysanthemum coronarium 

seed oil in 1959.345 The Vernonia galamensis was reported to have the seeds 

with the highest content of an epoxy fatty acid, vernolic acid (5).346 

New chemicals produced from renewable resources, such as Vernonia 

galamensis seeds, are attractive from a sustainable perspective. VO has 

recently received attention due to its unique properties as a natural epoxide 

oil. Since VO has naturally valuable different functional groups, the synthesis 

of new functionalities (such as the epoxide) through organic synthesis is not 

required. Therefore, the synthesis of these ‘green’ compounds could 

potentially minimize waste disposal problems (associated with the vast range 

of synthetic steps require to synthesise new compounds), which is one of the 

concerns when using petrochemical feedstocks.  

Hence, the ironweed plant was chosen for this work since it has high quantity 

of VA which has two functional groups (an alkene and an epoxide) that offers 
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great opportunities to synthesise new building blocks for polycondensation 

reactions. In the literature, VO has been reacted with dibasic acids,307 

diamines347 and (meth)acrylates348 to form polymers. Nevertheless, the 

synthesis of new building blocks, from this oil, for applications other than resin 

and coating applications has scarcely been investigated.60, 294-295  

5.2.3. Extraction of vegetable oils 

As mentioned previously in Chapter 1, the extraction of vegetable oils can be 

accomplished by  

1) pressing techniques,  

2) using organic solvents (liquid-solid extraction)  

3) or by using a greener approach, using scCO2 extraction. 

The extraction of VO has been studied in detail using organic solvents and it 

is known that depending the region where Vernonia galamensis weed grows, 

the oil content will vary.57, 60, 349-351 Ncube, et al. 349 performed the extraction of 

VO using cold acetone, -20 ºC, and obtained 30% oil content. Whereas 

Bhardwaj, et al. 351 extracted 32.4-36.9% of VO at room temperature using a 

mixture of n-hexane/isopropanol (3:2 v/v). Soxhlet extraction (using n-hexane, 

at ca. 70 ºC) has also been used to obtain VO and Grinberg, et al. 60 obtained 

38% oil content.  

Using scCO2 to extract vegetable oils has been proven to be a better approach 

from a sustainable point of view.122-123 This approach is a great alternative to 

using high temperatures and volatile solvents to obtain faster mass transfer. 

Other advantageous properties include the gas-like viscosity, liquid-like 

density and a faster diffusivity than in organic solvents at ambient 

conditions.110, 352 In addition, supercritical fluid extraction (SFE) generally 

operates at relatively low temperatures and the vegetable oil is obtained free 

of solvent.110 To the best of the authors knowledge, only King, et al. 353 

performed the extraction of VO from Vernonia galamensis seeds by SFE. The 

extraction was performed at 138, 345 and 690 bar and at 40º, 60º, 80º and 100 

ºC. Higher temperatures and pressures favoured oil solubility, leading to higher 
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content of extracted oil (ca. 17%). Adding 5, 10 and 15% of ethanol (relative 

to CO2) as co-solvent resulted in an increase of the extraction efficiency: at 

690 bar and 100 ºC, the oil content increased to 27, 39 and 47%, respectively. 

Nevertheless, these extracts may contain other moieties besides VO, such as 

polar lipids, water and some protein content.354 

The separation of the oil from scCO2 is carried out by modifying the 

thermodynamic properties of the CO2: the solvation power of scCO2 can be 

modified by manipulating the pressure and temperature (see section 1.6.1.1. 

of this Thesis). In this work, the separation process of the oil extracted from 

Vernonia galamensis seeds was achieved by decreasing the pressure and a 

mixture of fatty acids (FAs) is obtained. However, we are interested in just one 

– vernolic acid. The ideal separation process would be by fractionation, based 

on the different FA’s solubility in scCO2. However, in this work, the FAs 

fractionation was not accomplished. A more detailed description of SFE is 

described in Chapter 1. 

5.2.4. Vernolic acid  

5.2.4.1. The vernolic acid opportunity for new building blocks 

Vernonia oil (VO) is mainly composed of triglycerides: an ester derived from 

glycerol and three fatty acids. To obtain pure vernolic acid, a hydrolysis step 

is required to hydrolyse these esters bonds.  

When using n-hexane to do the extraction of VO (soxhlet extraction), in 

addition to triglycerides (TG), the oil contains some impurities which must be 

removed to get pure vernolic acid. Some of these impurities are:  

a) free fatty acids (FFA), which may be built up due to enzymatic 

processes (lipase) resulting from damage to the seed 

b) moisture and solvent  

c) pigment materials  

d) primary and secondary oxidation products, waxes and saponifiable and 

odoriferous materials.  
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Three main steps are required to remove these impurities – bleaching, 

degumming and neutralisation.  

VA per se is not an ideal monomer to use in polycondensation. As mentioned 

in Chapter 1 and Chapter 3, to do a polycondensation reaction, the monomers 

need to be bifunctional or multifunctional. The presence of an alkene and 

epoxy group in VA offers great opportunities to modify this fatty acid into new 

monomers suitable for polycondensation. To the best of our knowledge, the 

functionalisation of vernolic acid, to synthesise new building blocks for 

polycondensation, has not yet been reported. Ideally, the author would like to 

convert VA into a monomer with two functional groups able to undergo 

polycondensation, such as: carboxylic acid and a hydroxy group. 

5.2.4.1.1. The synthesis of allylic alcohols 

The presence of a reactive epoxide in VA offers great opportunities to 

functionalise this fatty acid, leading to the formation of a wide variety of 

products. The conversion of epoxides into their corresponding allylic alcohol is 

an example and it has been studied in the literature due to its properties and 

applications: resins, waxes, nylons, plastics, corrosion inhibitors, cosmetics 

and bioactive fatty acids for biomedicals.355-356  

Kraus and Frazier 357 studied the transformation of epoxides into allylic 

alcohols by using iodotrimethylsilane (TMSI) and 1,5-diazabicyclo-

[5.4.0]undec-5-ene (DBN) (upper reaction in Figure 5.7). In their work, the ring-

opening of the epoxide of compound (7) proceeded rapidly. Nevertheless, the 

dehydrohalogenation step (formation of the double bond) was not complete 

until the reaction temperature was raised to reflux (~ 90 ºC). After 48 h reaction, 

compounds (8) were obtained. 

Kato, et al. 355 also performed the synthesis of several allylic alcohols from 

epoxy fatty acids (lower reactions in Figure 5.7). Each epoxide (9, 11, 13, 15) 
was treated with excess of lithium diisopropylamide (LDA) in tetrahydrofuran, 

at 0 ºC or -78 ºC, providing the respective allyl alcohol. The reactions revealed 

good yields (60% and 85%) and there was no formation of by-products. 
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Figure 5.7 – Synthesis of allylic alcohols from different epoxides. Upper reaction from Kraus and Frazier 
357 and lower reactions from Kato, et al. 355 

Gunstone 295 synthesised a dihydroxy acid from vernolic acid obtained from 

the oil extracted from Vernonia anthelmintica seeds. As a consequence of the 

high reactivity of the epoxy group in vernolic acid (5), in the presence of a weak 

acid, such as acetic acid, oxirane ring opening occurs quickly, before the basic 

hydrolysis, leading to the formation of the dihydroxy-acid (17) (70% yield).  

 
Figure 5.8 – Synthesis of a dihydroxy acid, from vernolic acid, by treatment with a weak acid before the 
basic hydrolysis reported by Gunstone.295 
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5.2.4.1.2. Oxidation of epoxides into aldehydes 

The C–C bond cleavage of epoxides with periodic acid (HIO4) or metaperiodic 

acid (H5IO6) has been studied in organic synthesis (Figure 5.9).358-360  

 
Figure 5.9 – Synthesis of aldehyde compounds from epoxides.  

The proposed mechanism for the oxidation of epoxides with periodic acid is 

still uncertain. However, some authors proposed a possible mechanism in 

which there is the formation of a periodate complex of the epoxide and 

subsequent cleavage as illustrated below (Figure 5.10). 

 
Figure 5.10 – Possible mechanism for the oxidation of an epoxide, with periodic acid, leading to the 
formation of aldehydes. 

Binder, et al. 361 studied the one-pot cleavage of C–C bonds of several 

epoxides, in the absence of catalyst, leading to the formation of aldehydes. 

The authors conclude that the epoxide opening is the rate-limiting step of the 

reaction and that tri-substituted epoxides generally gave aldehydes in higher 

yields compared to mono-substituted epoxides (Figure 5.11). This effect might 

be due to the ease of epoxide hydrolysis. Less reactive compounds (22), (24) 
and (26) required at least 4-5 equivalents of periodate to facilitate full 

consumption of starting materials. The oxidation of the tri-substituted epoxide 

(30) in the presence of THF/H2O gave the highest yield (91%).  
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Figure 5.11 – Oxidative cleavage of aliphatic epoxides with periodic acid in tetrahydrofuran/water or 
acetonitrile/water.361  

Also Gunstone 295 synthesised aldehydes by the use of periodate compounds. 

Nevertheless, he treated compound (17) with periodate leading to the 

formation of compound (32) (volatile aldehyde) and (33) (solid aldehyde-acid). 

 
Figure 5.12 – Synthesis of aldehydes from the treatment of dihydroxy-acid (4a) with periodic acid.295  

 

5.2.4.1.3. The synthesis of dicarboxylic acids from aldehydes 

Oxidising aldehydes into carboxylic acids (Figure 5.13) is a well-studied 

reaction because carboxylic acids are known to be some of the most valuable 

intermediates and precursors for chemical productions and pharmaceuticals 

(such as to prepare antibacterial compounds).362-363 In addition to these 

applications, the synthesis of new dicarboxylic acids would give great 

opportunities for new polycondensation reactions with diols, leading to the 

formation of new materials.  
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Figure 5.13 – Synthesis of carboxylic acid from aldehyde upon treatment with H2O2/HCl in the presence 
of hydroxylamine hydrochloride (NH2OH·HCl) as a method to oxidise the aromatic or aliphatic aldehyde, 
in acetonitrile (ACN).364 

Bahrami, et al. 364 studied the synthesis of a variety of carboxylic acids from 

different aldehydes in high yields. In this work, H2O2/HCl was used in the 

presence of hydroxylamine hydrochloride (NH2OH·HCl) as a method to oxidise 

aromatic and aliphatic aldehydes.  

Kon, et al. 365 studied the palladium(II)-catalysed oxidation of !,"-unsaturated 

aldehydes, in the presence of hydrogen peroxide, to give !,"-unsaturated 

carboxylic acids (Figure 5.14). Using hydrogen peroxide is the key to this work, 

since the only by-product of these reactions is water. In addition, the authors 

proved that this method is scalable, performing the oxidation of aldehyde (44) 
at a 10 g scale, maintaining the yield high (74%).  

 
Figure 5.14 – Oxidation of various !,"-unsaturated aldehydes with hydrogen peroxide, catalysed by 
Pd(tfa)2.365 
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Tanaka, et al. 366 also studied the iron-catalysed oxidation of !,"-unsaturated 

aldehydes to !,"-unsaturated carboxylic acid using O2 as the oxidant agent 

(Figure 5.15). Molecular oxygen is a readily available and inexpensive oxidant 

and would keep the oxidation with 100% atom efficiency, generating no waste. 

The key for a successful conversion to !,"-unsaturated carboxylic acid lies in 

the alkali metal carboxylate additive used, since it enhances the selectivity of 

the Fe catalyst used. Higher yields and selectivity were obtained when salts 

containing larger monocations were added (CH3COONa and CF3COOK) 

whilst the addition of Zn salt ((CF3COO)2Zn) was less effective. In addition, 

there was no formation of products in the absence of the catalyst. 

 

 
Figure 5.15 – Oxidation of trans-2-decenal (25) in the presence of a combination of O2 and a Fe catalyst, 
whose catalytic activity is induced by the simple addition of alkali metal carboxylate (CH3COONa, 
CF3COOK and (CF3COO)2Zn).366 

 

5.2.4.1.4. The synthesis of primary alcohols from carbonyl 

compounds 

The reduction of carbonyl compounds into alcohols has been widely studied in 

the literature and it is well known that aldehydes are readily reduced by hydride 

agents, such as lithium aluminium hydride (LiAlH4) and sodium borohydride 

(NaBH4). Nystrom and Brown 367 studied the transformation of heptaldehyde 

(58) to heptyl alcohol (59) using LiAlH4 obtaining high yield (86%, Figure 5.16).  

 
Figure 5.16 – Synthesis of a primary alcohol from an aldehyde, using LiAlH4 and ether as solvent.367 
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Chapuis 368 performed the reduction of a more complex aldehydes ((60) and 

(62)) into primary alcohols, also using LiAlH4. Both reactions occurred readily 

achieving high yields.  

 
Figure 5.17 – Synthesis of more complex alcohols from aldehydes, using LiAlH4.  

 

5.3. Aims of the study 

The aim of this study is to synthesise new monomers from vernolic acid 
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polycondensation (which will be discussed in Chapter 6). 

Initially, this work will focus on the extraction of the oil from V. galamensis 

seeds using scCO2. scCO2 was previously shown to be a better solvent for oil 

extraction than organic solvents because of its ‘greenness’. In this study, the 

focus is to determine whether the extraction of VO from Vernonia galamensis 
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purification steps to obtain pure VA. Finally, the functionalisation of vernolic 
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5.4. Experimental 

5.4.1. Materials 

Clean and dried Vernonia galamensis seeds were supplied from Addis Ababa 

University, Ethiopia. Sodium hydroxide, tert-butyl alcohol and potassium 

hydroxide were obtained from Fisher and used as received. All the solvents 

used in this session (methanol, glacial acetic acid, n-hexane, tetrahydrofuran, 

dichloromethane and ethyl acetate) were obtain from Sigma-Aldrich and used 

as received. Periodic acid (99%) and hydrogen chloride were obtained from 

Alfa Aesar and used as received. Palladium(II) trifluoroacetate was obtained 

from Sigma-Aldrich and used as received. Glacial acetic acid, obtained from 

VWR, was used as received. n-butyllithium (n-BuLi) was obtained by Acros 

Organics and used as received. Lithium diisopropylamide (LDA) was prepared 

from n-BuLi and diisopropylamine (99.9%, Acros Organics) following literature 

procedures.369 Carbon dioxide grade 4 (minimum purity 99.99%) was 

purchased from BOC special Gases (UK) and used as received. Carbon 

dioxide, food grade (99.90%), was purchase from Beer gas Cymru. Air- and 

moisture-sensitive materials were manipulated under argon or nitrogen using 

syringe and Schlenk techniques.  

5.4.2. Synthesis methods 

5.4.2.1. Conventional extraction of vernonia oil and its treatment 

5.4.2.1.1. Soxhlet extraction 

Soxhlet extraction uses organic solvents. This apparatus has 3 compartments 

(Figure 5.18). To extract the oil from 5 g of Vernonia galamensis ground seeds 

(griding process with a coffee grinder, KrüpssTM), n-hexane (250 mL) was used 

at ca. 80 ºC. The vapour (from the heated solvent) is condensed and 

channelled into the Soxhlet extractor. Once the organic solvent in the extractor 

reaches the overflow level, a siphon unloads the organic solvent-lipids mixture 

back into the round-bottom flask. This cycle is repeated for 9 h, to guarantee 
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no more lipids can be extracted from the residue. To obtain the oil (1.9 g, 95% 

of extraction efficiency) the solvent is removed under reduced pressure.  

 
Figure 5.18 – Soxhlet extraction apparatus. 

5.4.2.1.2. Oil treatment 

5.4.2.1.2.1. Bleaching 

To remove pigments, the oil (5 g of VO extracted by soxhlet) was mixed with 

5 to 8 wt.% of activated charcoal at 60 ºC with continuous stirring for one hour. 

The bleached oil (85%, 4.25 g) was then isolated by hot filtration. 

5.4.2.1.2.2. Degumming 

This process removes impurities in the colloidal state. The bleached oil (4.25 

g) was mixed with 2.5 to 5 wt.% of distilled water at 60-70 ºC for one hour, 

followed by centrifugation at 5,000 rpm. The phases were separated and the 

oil (80%, 3.4 g) was dried at 60 ºC on a rotary evaporator.  

5.4.2.1.2.3. Neutralisation 

The degummed oil was neutralised by the addition of an alkali solution. Thus, 

degummed vernonia (3.4 g) oil was mixed with sodium hydroxide solution 
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min. Afterwards, the suspension was passed through the centrifugal separator, 

separating the soap from the neutral oil. The oil fraction (85%, 2.89 g) was 

dried for one hour on a rotary evaporator at 60 ºC. 

5.4.2.2. Supercritical carbon dioxide extraction of vernonia oil  

To process the extraction of the oil by scCO2 (Figure 5.20), different milling 

processes of Vernonia galamensis seeds were evaluated, to understand if the 

grindding would affect the oil extraction. Thus, it was studied three different 

equipments (Figure 5.19): common coffee grinder (KruppsTM), cross beater 

mill (Glen Creston Ltd.), in which the seeds passed through a 0.5 mm screen 

and a BDC Ltd. roller mill, in which the seeds passed through a 2.5 mm screen. 

 
Figure 5.19 – Apparatus to mill Vernonia galamensis seeds: A) coffee grinder (KruppsTM), B) cross beater 
mill (Glen Creston Ltd.) and C) roller mill (BDC Ltd.). 
 

Approximately 600 g of milled seeds were extracted using a Thar SFE 500 

system (Thar technologies). The seeds were loaded into the extractor and the 

CO2 (Beer gas Cymru food grade) was previously liquefied through a cooling 

unit (Fisher Scientific Isotemp). The liquid CO2 was delivered to the pre-heater 

and converted into a supercritical fluid prior to entering the extractor. The 

temperature, pressure and flow-rate were selected according to the 

experiment (Table 5.2). The maximum extraction time was 5h30m. Samples 

were collected every 30 min throughout the course of the extraction. The 

extracts were all collected at 40 ºC and at atmospheric pressure in the 

separator.  
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Figure 5.20 – Schematic representation of the high-pressure apparatus for oil extraction. Note: PI = 
pressure indicator, BPR = back pressure regulator. 

5.4.2.3. Hydrolysis of oil   

50 mL MeOH and 5 g (0.12 mol) NaOH were transferred to a 250 mL distilling 

flask, equipped with a magnetic stirrer bar. The flask was then fitted with a 

condenser, and the mixture heated to reflux until complete dissolution of the 

sodium hydroxide. To the hot alkaline solution 5.12 g (5.5 mmol), of vernonia 

oil was added. The resulting brown solution was refluxed with continuous 

stirring for 10 min, after which it was immediately transferred into a beaker. 

100 g ice was added, mixed thoroughly, followed by the addition of 100 mL 

water while mixing. The cold mixture was filtered under vacuum to afford an 

off-white solid soap in the filter bed. The soap was transferred into a beaker 

and mixed with another 100 g ice and 100 mL water and then acidified with 4 

mL glacial acetic acid. The acidified mixture was filtered under vacuum 

immediately to produce a white solid. The cold white solid was transferred into 

a beaker, containing 100 mL hexane, and after dissolution the resulting mixture 

was transferred in to a funnel and the phases were separated. The organic 

layer was dried with MgSO4 and, afterwards, the hexane was removed under 

reduced pressure to afford crude vernolic acid. Purification of the vernolic acid 

was accomplished by low-temperature recrystallization. Hexane (50 mL) was 

added to a 150 mL beaker containing the crude VOAC and the beaker was 

placed on dry ice. The resulting solid was filtered under vacuum and rinsed 

with an additional 50 mL of cold hexane to give pure vernolic acid (90%, 4.6 g). 
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1H-NMR (400 MHz, CDCl3) # 5.58 – 5.46 (1H, m, H-9), 5.47 – 5.35 (1H, m, H-

10), 2.93 (2H, m, J 7.4, 4.1 Hz, H-12,13), 2.34 (2H, t, J 7.5 Hz, H-2), 2.18 (1H, 

m, J 14.3, 6.6 Hz, H-11), 2.03 (2H, q, J 7.0 Hz, H-8), 1.63 (2H, q, J 7.4 Hz, H-

14), 1.58 – 1.23 (16H, m, H-3, 4, 5, 6, 7, 15,16,17), 0.97 – 0.85 (3H, t, J 7.4 

Hz, H-18); 13C-NMR (100 MHz, CDCl3) # 179.5 (C-1), 132.7 (C-9), 124.1 (C-

10), 57.4 (C-12 or 13), 56.8 (C-12 or 13), 34.1 (C-2), 31.9, 29.6, 29.3, 29.2, 

29.1, 27.9, 27.5, 26.4, 26.4, 24.8 (C-3), 22.7, 14.2 (C-18). HRMS (ESI+) m/z 

[M+Na]+ calcd. for C18H32NaO3
+ 319.2244; found 319.2249. 

5.4.2.4. Synthesis of vernolic acid-based monomers 

5.4.2.4.1. Synthesis of (S,9Z,11E)-13-hydroxyoctadeca-

9,11-dienoic acid 

 

To a solution of diisopropyl amine (40.5 mmol) in dry THF (20 mL) cooled to 

- 78 ºC, n-BuLi in hexane (2.2 M, 37.1 mmol, 17 mL) was added dropwise via 

a dropping funnel, followed by rinsing with THF (5 mL). The reaction mixture 

was warmed to 0 ºC for 30 min while stirring. Vernolic acid (16.8 mmol, 4.98 

g) in THF (150 mL) was added dropwise over 1 h, rinsing the dropping funnel 

with THF (10 mL). The reaction mixture was stirred for 1 h. Upon completion 

(TLC), the reaction mixture was quenched with NH4Cl (sat. aq.), added 

dropwise at 0 ºC. The organic layer was separated and the aqueous layer was 

washed with dichloromethane (3 x 50 mL). The combined organic fractions 

were washed with HCl (2 M, 50 mL) and dried with MgSO4 and the solvent 

was removed under reduced pressure, yielding (S,9Z,11E)-13-

hydroxyoctadeca-9,11-dienoic acid as a yellow low melting solid (4.94 g, 16.7 

mmol, 99% yield); 1H-NMR (400 MHz, CDCl3) # 6.48 (1H, m, J 15.2, 11.1, 1.2 

Hz, H-11), 5.97 (1H, t, J 11.0, 1.1 Hz, H-10), 5.66 (1H, dd, J 15.2, 6.8 Hz, H-

12), 5.43 (1H, dt, J 10.8, 7.6 Hz, H-9), 4.17 (1H, q, J 6.1 Hz, H-13), 2.33 (2H, 
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t, J 7.4 Hz, H-2), 2.17 (2H, q, J 9.8, 7.4, 4.1, 2.4 Hz, H-8), 1.62 (2H, m, J 7.4 

Hz, H-3), 1.53 (2H, m, H-14), 1.42 – 1.34 (2H, m, H-7), 1.34 – 1.24 (12H, m, 

H-4,5,6,15,16,17), 0.92 – 0.84 (3H, t,  J 7.4 Hz, H-18); 13C-NMR (100 MHz, 

CDCl3) # 179.5 (C-1), 135.8 (C-12), 132.9 (C-9), 128.0 (C-10), 126.0 (C-11), 

73.1 (C-13), 37.4 (C-14), 34.1 (C-2), 31.9, 29.5, 29.0, 29.0, 29.0, 27.7 (C-8), 

25.2 (C-7), 24.8 (C-3), 22.7, 14.2 (C-18); HRMS (ESI+) m/z [M+Na]+ calcd. for 

C18H32NaO3
+ 319.2249; found 319.2244. 

5.4.2.4.2. Synthesis of (12S,13S,Z)-12,13-

dihydroxyoctadec-9-enoic acid 

 

Vernolic acid (7.4 mmol, 2.19 g) was dissolved in glacial acetic acid (50 mL) 

and heated to 95 ºC for 24 h. The glacial acetic acid was removed under 

vacuum and the residue was taken up in MeOH (80 mL) and 3.7 M KOH (74.2 

mmol, 4 g) and the resulting mixture was stirred for 1 h. Hydrochloric acid (2 

M) was added until a pH of 4 was achieved, the product was extracted with 

diethyl ether (4 x 25 mL), dried with MgSO4, filtered and the solvent removed 

under reduced pressure to yield the crude product as an orange oil (2.52 g). 

The product was dissolved in a 20% ethyl acetate in petroleum ether and 

precipitated by cooling to -78 ºC. The product was filtered at -78 ºC and rinsed 

with petroleum ether (3 x 25 mL) at -78 ºC, to give the (12S,13S,Z)-12,13-

dihydroxyoctadec-9-enoic acid as a white solid (1.54 g, 4.90 mmol, 66%); 1H 

NMR (400 MHz, CDCl3) # 5.62 – 5.53 (1H, m, H-9), 5.42 (1H, t, J 10.9, 8.2, 

1.5 Hz, H-10), 3.48 (2H, ddt, J 5.8, 4.1, 2.9 Hz, H-12,13)), 2.34 (2H, t, J 7.3 

Hz, H-2), 2.32 – 2.24 (2H, m, H-11), 2.10 – 2.00 (2H, m, H-8), 1.64 (2H, q, J 

7.2 Hz, H-3), 1.53 – 1.45 (2H, m, H-14), 1.41 – 1.24 (14H, m, H-

4,5,6,7,15,16,17), 0.92 – 0.85 (3H, m, H-18); 13C NMR (100 MHz, CDCl3) # 

179.0 (C-1), 133.8 (C-9), 124.9 (C-10), 74.1 (C-12 or 13), 74.0 (C-12 or 13), 

33.9, 32.0, 31.9, 29.4, 29.0, 28.9, 27.4 (C-8), 25.5 (C-14), 24.8 (C-3), 22.8, 

14.2 (C-18); HRMS (ESI+) m/z [M+Na]+ calcd. for C18H34NaO4
+ 337.2355; 

found 337.2345. 
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5.4.2.4.3. Synthesis of (E)-12-oxododec-10-enoic acid 

 

To a solution of Vernolic acid (6.75 mmol, 2 g) dissolved in THF (20 ml) and 

H2O (20 ml), H5IO6 (13.49 mmol, 3 g) was added in one portion and stirred for 

72 hours. Upon completion, the product was extracted into diethyl ether (3 x 

20 ml) and the combined organic extracts were rinsed with brine (20 ml), dried 

over MgSO4, filtered and the solvent removed under reduced pressure to yield 

the crude product as a yellow oil. The product was isolated by column 

chromatography using silica (PE 60%/EtOAc 40%) (4.34 mmol, 920 mg, 64%, 

yellow oil); 1H NMR (400 MHz, CDCl3) # 9.45 (1H, d, J 7.92 Hz, H-12), 6.83 

(1H, dt, J 15.6, 6.8 Hz, H-10), 6.09  (1H, ddt, J 15.6, 7.9, 1.5, H-11), 2.25-2.33 

(2H, tdt, J 5.88, 3.59, 1.99 Hz, H-9), 1.65-1.20 (12H,m, H-3, 4, 5, 6, 7, 8); 13C 

NMR (100 MHz, CDCl3) # 194.53 (12), 179.71 (1), 159.35 (10), 132.95 (11), 

34.11, 34.07, 32.74, 28.98, 28.93, 28.90, 27.76, 26.94, 24.63.  

5.4.2.4.4. Synthesis of (E)-dodec-2-enedioic acid 

Procedure A 

 

To a suspension of Fe(NO3)3·9H2O (0.2 g, 0.01 mmol) and CF3COONa 

(27.2 mg, 0.20 mmol) in ethyl acetate (0.6 mL), (E)-12-oxododec-10-enoic acid 

(0.2 g, 0.94 mmol), was added, under an atmosphere of oxygen. After stirring 

for 40 h at 25 ºC, ethyl acetate (3.66 mL) and 1 M HCl (1.22 mL) were added. 

Na2S2O4 (sat. aq.) was added to the organic phase to quench residual 

peroxide. The product was extracted with Na2CO3 (sat. aq.; 3 x 1.22 mL). The 

aqueous phase was acidified with concentrated HCl. The dicarboxylic acid 

product was extracted with CH2Cl2 (3 x 1.22 mL) and the solvent was removed 

under reduced pressure, to give the crude title product as pale-yellow liquid. 

HRMS (ESI+) m/z [M+Na]+ calcd. for C12H20NaO4
+ 251.1259; found 251.1259.  
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Procedure B 

A mixture of (E)-12-oxododec-10-enoic acid (200 mg, 0.94 mmol) and Pd(tfa)2 

(6.26 mg, 0.02 mmol) was vigorously stirred at 10 ºC for 10 min. 1.8 mmol of 

aqueous 30% H2O2 (% v/v) was added dropwise over 1 h. The mixture was 

stirred at 10 °C for 2 h and the reaction was monitored until completion (TLC). 

The organic phase was separated and washed with Na2S2O3 (sat. aq.). The 

crude material was purified by silica gel column chromatography (PE 

60%/EtOAc 40%) to give the title compound as pale yellow product (yield = 

33%). HRMS (ESI+) m/z [M+Na]+ calcd. for C12H20NaO4
+ 251.1259; found 

251.1259. 

5.4.2.4.5. Synthesis of dodec-2-ene-1,12-diol 

 

To a solution of the (E)-12-oxododec-10-enoic acid (100 mg, 0.471 mmol) in 

Et2O (5 mL) at 0 ºC, a suspension of LiAlH4 (53.7 mg, 1.4 mmol, 3 eq.) in Et2O 

(5 mL) was added over 15 minutes. The reaction was quenched with a 

saturated aqueous solution of Rochelle’s salts, stirred for one hour and 

extracted into dichloromethane (3 x 5 mL). The organic extracts were 

combined and dried over NaSO4 and the solvent was removed under reduced 

pressure to give the product as a colourless oil (84 mg, 89%); 1H NMR (400 

MHz, CDCl3) # 5.70 – 5.50 (2H, m, H-10,11), 4.06 – 3.99 (2H, m, H-12), 3.57 

(2H, t, J = 6.7 Hz, H-1), 1.94 – 2.03 (2H, m, H-9), 1.58 – 1.45 (2H, m, H-2), 

1.38 – 1.17 (12H, m, H-3,4,5,6,7,8); 13C NMR (100 MHz, CDCl3) # 133.26 (C-

10), 128.99 (C-11), 63.65 (C-12), 62.88 (C-1), 32.74 (C-9), 32.21, 29.42, 

29.38, 29.12, 29.06, 25.75.  

5.4.3. Vernonia oil characterisation 

Vernonia oil was characterised using GC and NMR, previously described in 

detail in Chapter 2. 
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5.4.4. Characterisation of vernonia-based monomers  

Vernonia-based monomers were characterised using GC and NMR, 

previously described in detail in Chapter 2. 
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5.5. Results and discussion 

5.5.1. Extraction of vernonia oil 

Prior to the extraction, the seeds needed to be milled to make the oil accessible 

to the solvent (organic solvent or scCO2). Thus, three different milling 

processes were used (Figure 5.21): a) using a common coffee grinder 

(KruppsTM), in which the seeds are pulverised, b) cross beater mill (Glen 

Creston Ltd.), in which the seeds passed through a 0.5 mm screen and c) a 

roller mill (BDC Ltd.), in which the seeds passed through a 2.5 mm screen. 

From the milling process using the coffee grinder, in which it is not possible to 

control the size of the milled particles, the ground seeds resulted in a powder-

like material. Therefore, most of the oil may adhere into the internal walls of 

the coffee grinder, leading to a loss of oil. Using the other two milling 

processes, it was possible to choose the thickness of the screen. The ideal 

milling process is the one in which the seeds are cut in half (roller mill) and not 

smashed (coffee grinder).  

 
Figure 5.21 – Appearance of Vernonia galamensis seeds after the milling processes. 

The oil content of Vernonia galamensis seeds was determined by Soxhlet 

extraction, using n-hexane as a solvent, and the seeds were milled with a 

coffee grinder. An oil content of 40% was obtained which corresponds to a 

higher oil content than Grinberg, et al. 60 under similar conditions (38% oil). 

This further extraction of 2% of oil might be due to the origin where Vernonia 
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galamensis sp. grown or the grinding process of the seeds. It is known that 

depending the local the plant grows, will result in different oil content.292 The 

ironweed used in this work was grown in Ethiopia and the one used by 

Grinberg, et al. 60 was grown in Israel. 

When performing the SFE, the extraction efficiency (EE, Equation 5.1) was 

determined using as the maximum accessible oil content the one determined 

by soxhlet, 40% w/wfresh seeds: 

Extraction efficiency (EE, w/w) = 
mextracted oil

0.40 × mfresh milled seeds
 × 100 

Equation 5.1 – Determination of extraction efficiency. 

The conditions for the SFE of VO are summarised below (Table 5.2). The oil 

extraction was carried out with a 1 L Thar SFE 500 extractor filled with ~ 650 g 

of milled seeds and samples were collected every 30 minutes, until complete 

extraction, e.g. until no oil was possible to collect.  

 
Table 5.2 – Extraction conditions for VO from Vernonia galamensis seeds with scCO2. Note: a The 
extraction efficiency is lower than expected due to a leak at the beginning of the extraction resulting in a 
loss of ~15% of oil. 

Entry Milling process mmilled seeds 
(g) 

mmax oil 
(g) 

QCO2 
(g/min) Pbar/TºC 

EE 
(%) 

1 Coffee grinder 55.0 22.0 40 450/60 70.7 

2 Cross beater 
mill 681.4 272.6 40 450/60 70.5 

3 Roller mill 646.8 258.7 40 450/60 80.2 

4 Roller mill 660.7 264.3 60 450/60 68.3a 

The extraction time and efficiency were very similar irrespective of the milling 

process (Figure 5.22). Using the coffee grinder and cross beater mill 

processes, with a CO2 flow rate of 40 g/min, the EE was very similar, 70.7 and 

70.5%, respectively. Whereas using the roller mill, at the same CO2 flow rate, 

the EE% increased to 80.2%. This indicates that the milling process of the 

seeds is very important and confirms what we were expecting. Cutting the 

seed in half is a better option to make to oil accessible for extraction and, 

consequently, no oil is lost during the milling process.  
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To determine the extraction rate (Equation 5.2), it was considered the amount 

of oil extracted at the beginning of the extraction, at a certain time (90 minutes):  

Extraction rate (goil/min) = 
%oilextracted at 90 min

extraction time, 90 min
 

Equation 5.2 – Determination of the extraction rate. 

The CO2 flow rate was increased to 60 g/min (entry 4, Table 5.2) to investigate 

whether a higher extraction rate could be obtained. When increasing the flow 

rate of CO2, a larger amount of CO2 is in contact with the seeds at any given 

time. Therefore, a larger amount of oil is extracted in less time.370 The effect 

of the flow rate is shown below (Figure 5.23 and Figure 5.24). When using the 

same milling system to grind the seeds (roller mill process – using 40 and 

60 g/minCO2, entries 3 and 4 from Table 5.2, respectively), an increase of the 

extraction rate is observed, 0.42 and 0.65 goil/min respectively, which confirms 

that the higher the flow rate, the larger the amount of oil is extracted at a 

specific time.  

Regarding the mass transfer model, it is possible to observe two different 

models: constant extraction rate (controlled by external mass transfer) and 

diffusion-controlled rate (governed by internal mass transfer). At the first 

instants of extraction (up to 120 min, Figure 5.22 A)), the extraction is governed 

by external mass transfer between the solvent (scCO2) and the solid material 

(milled seeds). scCO2 carries the easily accessible solute from the broken 

seeds during this phase. Therefore, at this period, it is possible to observe a 

constant extraction rate. After ≥ 150 min extraction time (Figure 5.22 B)), the 

extraction is controlled by the internal diffusion, which means the extraction 

occurs in the less accessible oil present in the seed. Hence, at this period, it is 

observed a diffusion-controlled rate extraction.  
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Figure 5.22 – Efficiency of oil extraction from V. galamensis seeds using scCO2 for different milling 
processes and at a flow rate of CO2 of 40 and 60 g/minCO2. Note: A) corresponds to an extraction 
controlled by external mass transfer and B) internal mass transfer. 

 
Figure 5.23 –Oil extracted using different milling processes and a flow rate of 40 or 60 g/minCO2 as a 
function of the total amount of CO2 used (oil loading – amount of oil extracted at a giving amount of CO2). 
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Figure 5.24 – Extraction rates obtained, and determined using Equation 5.2. 

King, et al. 353 used higher temperatures, pressures and flow rate of CO2 and 

confirmed that at a higher T ºC, P (bar) and amount of CO2 extracted more 

quantity of oil. As it is possible to observe below (Table 5.3), using higher 

pressure and temperature, it is possible to extract a higher oil content at a 

specific amount of CO2 due to the higher solubility of VO in scCO2.  

 

Table 5.3 – Oil content (%) obtained in this work, at 450 bar and 60 ºC, and in King, et al. 353 work, at 
690 bar and 100 ºC, at a specific amount of CO2. Note: the amount of extracted oil is lower than expected 
due to a leak at the beginning of the extraction resulting in a loss of ~15% of oil. 

Amount of CO2  This worka) King, et al. 353 
60 g – 17% 

121 g – 17.5% 

182 g  – 16.5% 

303 g – 17% 

363 g – 36% 
1,800 g 2% – 

5,400 g 18% – 

12,600 g 31% – 

 

The oil (FAME) was analysed by GC and the content of vernolic acid was ca. 

79-80% for all SFEs. The composition of the oil is shown below (Table 5.4). 
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Table 5.4 – Fatty acid content in Vernonia galamensis oil extracted with n-hexane (soxhlet) and scCO2 
(w/w %). 

 scCO2 soxhlet 
Palmitic acid 2.80 ± 0.3 2.9 ± 0.3 

Linoleic acid 8.71 ± 0.6 10.0 ± 0.5 

Oleic acid 3.95 ± 0.3 4.6 ± 0.2 

Stearic acid 3.64 ± 0.2 0.7 ± 0.1 

Vernolic acid 79.26 ± 1.2 66.0 ± 0.5 
11-Eicosenoic acid 0.43 ± 0.1 0.4 ± 0.2 

Arachidic acid 0.43 ± 0.1 0.5 ± 0.3 

Others < 0.01 10.1 ± 0.2 

The fatty acid content in the oil is slightly different when extracted by n-hexane 

compared to scCO2. This implied that at supercritical conditions, the solubility 

of triglycerides (with higher VA content) increased due to an increase in the 

solvent density, resulting in a higher yield of these fatty acids than with soxhlet 

extraction. This has been observed previously.371-373 In addition, GC-MS 

analysis revealed that a larger fraction of other compounds is co-extracted 

when using Soxhlet extraction with n-hexane.  

A slight decrease in VA content (~4%) with extraction time is observed (Figure 

5.25), which could be due to the presence of wax towards to the end of the 

extraction.  
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Figure 5.25 – Content of vernolic acid (according to GC analysis) in the oil from extraction no 2 (Table 
5.2). 

In the high-pressure apparatus for oil extraction, the separator, where the oil 

sample is collected, is followed by a cold trap (after back pressure regulator, 

BPR, Figure 5.20) to collect volatile compounds. When collecting samples 

every 30 minutes, some product was occasionally collected in the cold trap. 

The extraction at 60 g/minCO2 (entry 4, Table 5.2), both the products collected 

in the separator and in the cold trap were analysed. However, both 

corresponded to vernonia oil of the same composition (Figure 5.26).  
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Figure 5.26 – Fatty acid content from the oil collected in the cold trap and the separator (entry 4, Table 
5.2) after 75 minutes of extraction. 

The SFE extracted oil is lime-green at the first minutes of extraction and dark-

green at the end of the extraction (Figure 5.27). The dark-green colour might 

be due to the presence of wax and water. 

 
Figure 5.27 – Appearance of the collected oil during the course of the extraction. 

 

After SFE, the residual milled seed particles have a different appearance. The 

residue from extraction of entry 4 (Table 5.2 and Figure 5.28 C) seemed to be 

drier than the other ones obtained from the extractions of entries 2 and 3 from 

Table 5.2 (Figure 5.28 A and B, respectively). A soxhlet extraction was 

performed using these seeds after CO2 extraction and the oil content was less 

than 1% confirming that SFE was quantitative.  
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Figure 5.28 – Vernonia galamensis seeds after scCO2 oil extraction. Note: A) entry 2 from Table 5.2; B) 
entry 3 from Table 5.2; C) entry 4 from Table 5.2. 

Hence, considering the EE% obtained by scCO2, ca. 80%, and that milder 

conditions are used, using an organic solvent has several disadvantages:  

a) Organic solvents are hazardous 

b) Costly and high-purity solvents are needed 

c) Potential release of toxic emissions during extraction 

d) Time-consuming procedure 

e) Non-selective extraction 

f) Extraction of other compounds than FA (ca. 10.1 w/w %) 

Performing the extraction of oil from ~ 650 g seeds with supercritical carbon 

dioxide offers numerous advantages:  

a) using milder conditions, 60 ºC and 450 bar; therefore, less energetic 

intensive 

b) faster oil extraction (5h30m compared to 9 h with soxhlet) 

c) extraction of only the lipid portion of the seeds, having only few other 

compounds then FA (< 0.01 w/w %) 

d) extracted oil free of solvent 

Ext no 4Ext no 3Ext no 2

Ext no 3 Ext no 4

A B C

B C
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5.5.2. Isolation of vernolic acid 

As mentioned previously (page 197), oil extraction with scCO2 results in fewer 

or no impurities (< 0.01 w/w %) as compared to soxhlet extraction 

(~10.1 w/w%). This was quantified by GC-MS (Table 5.4) and NMR (Figure 

5.29) analysis. Thus, no further purification prior to saponification was 

necessary for the oil extracted with scCO2 and bleaching, degumming and 

neutralisation steps could be omitted.  

The 1H-NMR spectra of the oil obtained using soxhlet extraction and SFE using 

CO2 is shown below (Figure 5.29). Resonances in the expanded region (in the 

orange box) shows for the presence of possible some impurities (such as 

pigments, colloids, fibres and proteins). Several studies have shown that using 

supercritical carbon dioxide to extract oil is a better choice due to the presence 

of few or no impurities since in scCO2 proteins, polysaccharides, sugars and 

mineral salts are insoluble.104  
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Figure 5.29 – 1H-NMR spectra of the oil extracted using A) organic solvents (n-hexane, soxhlet; 
represented by the purple plot) and B) scCO2 (represented by the black plot). The enlarged 1H-NMR 
spectra show the region corresponding to resonances from free glycerol (ca. 4.0-3.6 ppm) and double 
bonds region (ca. 5.2-4.7 ppm). Note: in the orange box is highlighted the presence of some impurities 
in the soxhlet oil extraction. 

The saponification procedure starts with an alkaline solution (sodium 

hydroxide in methanol) to hydrolyse the oil (triglycerides, TG), breaking the 

ester bond between glycerol and FA. The FAs and glycerol mixture were 

washed with water, to remove glycerol. Afterwards, a neutralisation step 

(addition of a weak acid, glacial acetic acid) is required in order to remove salts 

and have only FAs. Thus, the mixture was washed with n-hexane. Through 

low-temperature recrystallisation, pure vernolic acid was obtained. As shown 

below, low-temperature recrystallisation was essential to obtain pure vernolic 

acid (Figure 5.30). 1H-NMR analysis showed that before low-temperature 

recrystallisation (Figure 5.30 A), impurities (presence of other FA) are present 

(highlighted in grey).  

0.81.21.62.02.42.83.23.64.04.44.85.25.66.06.46.87.2
1H	δ	(ppm)

4.754.854.955.055.15 3.43.53.63.73.83.94.0

TG
 

(g
ly

ce
rid

e 
re

gi
on

)

ch
lo

ro
fo

rm
-d

1
ch

lo
ro

fo
rm

-d
1

A)

B)

O
HO

O OO

O O

O

O

free glycerol alkyl region

ep
ox

id
e 

re
gi

on

do
ub

le
 b

on
d 

re
gi

on

Vernolic acid Triglyceride (TG)



Chapter 5.  The ironweed opportunity 

 200 

 
Figure 5.30 – 1H-NMR spectra of the hydrolysis product of the oil extracted by scCO2. A) crude product 
before low-temperature recrystallisation and B) pure vernolic acid after low-temperature recrystallisation. 
Note: in the grey rectangles highlight some impurities (other FA) present in the crude product, evidencing 
that the low-recrystallisation step is crucial to get pure VA. 

1H-NMR and COSY spectra of pure VA are shown below (Figure 5.31 and 

Figure 5.32, respectively), providing valuable information about H-H coupling. 

The coupling of protons Hf (ca. 5.54 ppm) and Hg (ca. 2.06 ppm) is evident 

from the COSY spectrum (grey dotted lines, Figure 5.32). The coupling 

between protons He (ca. 5.45 ppm) and Hd (ca. 2.22 ppm) is shown through 

the orange dotted lines. The purple dotted line labels the coupling between 

protons Hc (ca. 2.96 ppm) and Hd (ca. 2.22 ppm). The blue dotted line reveals 

the coupling between protons Hc (ca. 2.96 ppm) and Hb (ca. 1.66 ppm). In 

addition, it was possible to observe the coupling between protons Hf (ca. 5.54 

ppm) and He (ca. 5.45 ppm). The coupling between protons from the alkyl 

region is not highlighted. However, proton Ha reveals a chemical shift at 0.93 

ppm. The integration of the 1H-NMR spectrum (Figure 5.31) confirms the purity 

of the VA.  In MS, a peak at +319.22 m/z is observed which corresponds to 

vernolic acid ionised with Na+ (VA = 296.24 g/mol; Na+ = 22.98 g/mol). 
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Figure 5.31 – 1H-NMR spectrum of Vernolic acid after low-temperature recrystallisation. The solvent used was chloroform-d. 
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Figure 5.32 – COSY spectrum of Vernolic acid after low-temperature recrystallisation. The solvent used was chloroform-d2. The dotted lines highlight some of the proton couplings. 
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5.5.3. Synthesis of vernolic acid-based monomers  

Once the vernolic acid was isolated, we aimed to derivatise it to produce a 

series of new monomers which could undergo polycondensation reactions 

(Chapter 6). For polycondensation reactions, AB, AB2 and A2 + B2 types of 

monomers are interesting to synthesise different polymer structures. 

Specifically, an allylic alcohol ((S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic 

acid) (a AB-type monomer), a dihydroxy acid (12,13-dihydroxyoctadec-9-

enoic acid) (an AB2-type monomer), a dicarboxylic acid ((E)-dodec-2-enedioic 

acid) (a A2-type monomer) and a diol ((E)-dodec-2-ene-1,12-diol) (a B2-type 

monomer) were synthesised by making use of the epoxide functionality of VA.  

5.5.3.1. Synthesis of (S,9Z,11E)-13-hydroxyoctadeca-9,11-

dienoic acid 

 

Figure 5.33 – Synthesis of coriolic acid, (S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid (64). 

Vernolic acid (5) was treated with excess lithium diisopropylamide (6 eq. LDA) 

in THF following a procedure by T. Kato et al.355 . This lead to the opening of 

the epoxide functional group yielding the corresponding allyl alcohol (64). The 

reaction was monitored by thin-layer chromatography (TLC plate) to confirm 

completion of the reaction. The crude product was isolated using column 

chromatography (silica gel, PE 60%/EtOAc 40%). The final product was 

obtained in quantitative yield and characterised by 1H-NMR, 13C-NMR and 

MS, confirming the successful synthesis of the allyl alcohol. After further 

optimisation, it was found that the vast excess of LDA was not required to 

achieve complete conversion. A modest excess of LDA (2.5 eq.) was sufficient 

to obtain the allylic alcohol monomer in quantitative yield, which greatly 

improves the atom economy of the synthesis and purification via 

chromatography was unnecessary. The reaction mechanism of the 
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conversion of oxiranes to allyl alcohols is well known374 and it is shown below 

(Figure 5.34). The strong base LDA abstracts the most acidic proton, leading 

to the opening of the epoxide, to form the allylic alkoxide. Subsequent 

protonation then yields the allylic alcohol (64). This building block could self-

condensate leading to the formation of a linear polyester with a pendant alkyl 

chain with 5 carbons.  

 

Figure 5.34 – Reaction mechanism for the conversion of oxiranes to allylic alcohols. 

5.5.3.2. Synthesis of (12S,13S,Z)-12,13-dihydroxyoctadec-9-

enoic acid 

 

Figure 5.35 – Synthesis of 12,13-dihydroxyoctadec-9-enoic acid (65). 

To obtain a dihydroxy carboxylic acid monomer (65), Vernolic acid (5) was 

treated with a weak acid (glacial acetic acid) to activate the epoxide functional 

group to then proceed with the ring opening with a basic nucleophilic attack 

with KOH following a procedure by Gunstone.295 The reaction was monitored 

by thin-layer chromatography (TLC plate) to confirm completion of the 

reaction.  

After the dissolution of the product in (20%) ethyl acetate in petroleum ether 

(-78 ºC), the pure dihydroxy acid (65) was obtained by low-temperature 

filtration at -78 ºC, with 90% yield. This acid a highly viscous liquid. The 

mechanism associated with this reaction is depicted below (Figure 5.36). 

There is a proton transfer from the acetic acid, leading to the formation of the 

conjugate acid of the epoxide. Subsequently, the acidic epoxide is attacked 
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by the nucleophile KOH, leading to the ring opening of the oxirane resulting in 

anti-hydroxylation.  

 

Figure 5.36 – Reaction mechanism for the conversion of oxiranes to dihydroxy acid. 

  

5.5.3.3. Synthesis of (E)-12-oxododec-10-enoic acid 

 

Figure 5.37 – Synthesis of 12-oxododec-10-enoic acid (69). 

The synthesis of the traumatin aldehyde (69) was accomplish by the oxidative 

cleavage of the C-C bond of the epoxide present in VA with periodic acid 

(H5IO6) in water and tert-butyl alcohol (TBA). Following the conditions reported 

by Binder et al.,361 there was the formation of a cyclic intermediate which 

rearranges to form the aldehyde followed by a selective double bond migration 

(Figure 5.10). The reaction was monitored by thin-layer chromatography (TLC 

plate) to confirm completion of the reaction. The pure product was obtained 

as a yellow oil in 78% yield. Figure 5.36 
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5.5.3.4. Synthesis of (E)-dodec-2-enedioic acid 

 

Figure 5.38 – Synthesis of dodec-2-enedioic acid (70). 

To obtain traumatic acid (70) the oxidation of traumatin aldehyde (69), was 

attempted by two procedures (Figure 5.38).  

Y. Kon et al.365 reported a Palladium(II)-catalysed oxidation of !,"-

unsaturated aldehydes with hydrogen peroxide (as an oxidant) to give !,"-

unsaturated carboxylic acids in high yields (> 67%). However, when using 

these reaction conditions for the oxidation of traumatin aldehyde a modest 

yield of 33% was obtained.  

Recently, S. Tanaka et al.366 reported the selective oxidation of !,"-
unsaturated aldehydes to !,	"-unsaturated carboxylic acids by O2, using an 

iron catalyst with high conversions (>76%). Although the underlying 

mechanism of this reaction not yet fully understood, the same conditions were 

used to oxidise traumatin aldehyde (69) to traumatic acid (70).  A considerable 

increase in the yield to 80% was observed as compared to the previous 

procedure and a pale-yellow liquid was obtained as the product.  

5.5.3.5. Synthesis of dodec-2-ene-1,12-diol 

 

Figure 5.39 – Synthesis of dodec-e-ene-1,12-diol (71). 
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The synthesis of the diol compound (71), from the previously synthesised 

traumatin aldehyde (69), was accomplished by a reduction reaction using 

Lithium aluminium hydride (LiAlH4) as the reducing agent. It is known that 

LiAlH4 is a powerful and nonselective reducing agent that readily reduces 

carboxylic acids, aldehydes and lactones to the corresponding alcohols.375 

Therefore, adapting the conditions published elsewhere,367-368 the reducing 

agent LiAlH4 was added to a solution of (69) in diethyl ether, resulting in the 

corresponding primary alcohol (71) (colourless oil, 89% yield). However, the 

presence of an additional compound (72) became evident from NMR analysis. 

This side product is the result of a double reduction by LiAlH4 which affects 

the double bond and was already reported in the literature.376-377 The 

mechanism for this reaction is well understood and it is shown below (Figure 

5.40). Initially, a hydride from LiAlH4 is transferred to the carbon atom of the 

aldehyde group and a salt is formed containing an anionic aluminium complex. 

The protonation of the alkoxide creates the primary alcohol from the 

intermediate complex. 

 

Figure 5.40 – Reaction mechanism for the conversion of aldehydes to alcohols using LiAlH4. 
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5.6. Conclusions 

The synthesis of new compounds from renewable raw materials has received 

a lot of attention in the past years. Therefore, this chapter describes the 

synthesis of monomers from vernolic acid, a fatty acid present in the oil 

extracted from Vernonia galamensis seeds.  

Initially, the extraction of the oil under supercritical conditions was 

investigated. Using mild conditions (450 bar and 60 ºC), the effect of the milling 

process of the Vernonia galamensis seeds and the influence of the CO2 flow 

rate was analysed, obtaining a maximum extraction efficiency of 80%. The 

milling process showed an effect on the oil extraction efficiency. When using 

a coffee grinder and a cross beater mill, the seeds were crushed which 

resulted in the loss of oil in the milling machine. However, using the roller mill, 

the seeds were cut in half, making the oil more accessible, and resulting in a 

higher extraction efficiency. In addition, an effect of the flow rate was also 

noticeable. As expected, the higher the QCO2, the higher the extraction 

efficiency. The extraction of the oil using scCO2 was compared to the 

extraction using n-hexane. Using scCO2 proved to be a better and greener 

approach for the extraction of the oil from Vernonia galamensis seeds not only 

from the sustainable point of view (using milder conditions), but also because 

of the purity of the oil: the oil extracted with scCO2 contained fewer impurities 

compared to the oil extracted with n-hexane. Therefore, the oil obtained from 

the supercritical fluid extraction was used to isolate vernolic acid, by the 

hydrolysis of the triglycerides, yielding 90% of vernolic acid.  

Finally, five building blocks were synthesised from vernolic acid, adapting 

procedures from the literature. Firstly, VA was converted into the allylic alcohol 

(64) in quantitative yield and high purity under mild conditions. The formation 

of an unsaturated dihydroxy acid (65), was accomplished by reacting VA with 

acetic acid. This allyl alcohol was isolated by a simple low-temperature 

filtration in 90% yield. Afterwards, the synthesis of a dicarboxylic acid was 

accomplished by two step procedure. In the first step, VA was treated with 

periodic acid to give the aldehyde (69) (78% yield); secondly, this aldehyde 
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(69) was oxidised (in the presence of O2 and using an iron catalyst) to the 

dicarboxylic acid (70B) (80% yield). Finally, the synthesis of the diol (71) was 

accomplished by the reduction of the aldehyde (69), using LiAlH4. 

The different VA-based building blocks might be valuable for different 

applications, such as the synthesis of VA-based polymers, which is going to 

be investigated in the next chapter (Chapter 6). 
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CHAPTER 6. POLYMERS FROM THE V. GALAMENSIS SP. PLATFORM 

6.1. Overview 

In the last decades, the ongoing development of the bio-refinery concept has 

led to the introduction of new building blocks for novel materials.157, 378 The 

investigation of new monomer structures is of high interest. In Chapter 5, it 

was demonstrated that new monomers for polycondensation reaction can be 

synthesised from the oil of the Vernonia galamensis sp. plant. Here the 

synthesis of new polymers from the monomers synthesised and described 

previously is presented. Three different polymers are synthesised through 

polycondensation: 

1. Self-condensation of the allylic alcohol in the melt and in scCO2, using 

stannous octanoate as the catalyst. 

2. Self-condensation of the dihydroxy acid in the melt and in scCO2, using 

stannous octanoate as the catalyst. 

3. Polycondensation of dodece-2-ene-1,12-diol and azelaic acid, a 

monomer commercially, in the presence of toluene and in scCO2 using 

enzyme catalysis. 

The polymers are characterised by 1H-NMR, GPC and DMA in order to 

carefully assess their structural and thermal properties. 
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6.2. Introduction 

The availability of a growing number of inexpensive sources (petroleum based 

compounds) suitable to produce macromolecular materials during the 1900s, 

gave birth to ‘the plastic age’, in which we still live today.379 Due to the 

expected depletion of petrochemical sources, there is now high interest for 

biobased resources. Depending on the source, monomers and polymers can 

be divided into two groups:379 

1. Vegetal biomass, including terpenes,380 cellulose,381 plant oils304 or 

sugars220 to name a few. 

2. Animal biomass, including chitin/chitosan382 or casein.383 

Among those, vegetable biomass constitutes the main source for renewable 

polymers (80% worldwide yearly production, the remaining 20% being animal 

biomass).384 Vegetable triglycerides were the first renewable resources 

exploited by man as raw materials for synthetic polymers primarily for coating 

applications (drying oils). Because of these functionalities, plants oils have 

received a lot of scientific and technological attention in the last decades. As 

described in the previous chapter, vegetable oils can be extracted from 

different plant species such as soybean, corn, linseed and the castor oil 

plant.385 These renewable resources have been used as sources for the 

synthesis of vegetable oil-based polymers. 

6.2.1. Polycondensation of fatty acid-based monomers 

Fatty acids (FAs) have been used in the development of polymers for 

biomedical applications and personal care products.386 They have been 

considered for these purposes since they are generally inert, inexpensive, 

biocompatible and potentially biodegradable. In addition, these FA-based 

polymers are preferred over petrochemical-based due to environmental 

issues. Polyesters, polyanhydrides and polyamides are some examples of 

polymers obtained using FAs as building blocks.387  

FA-based polyesters can be obtained by three main routes: 
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1. polycondensation of hydroxycarboxylic acids  

2. polycondensation of dicarboxylic acid and a diol 

3. ring-opening polymerisation of lactones 

This work will focus on the polycondensation reactions. Ricinoleic acid (RA) is 

a difunctional fatty acid which can be polymerised without any further 

modification and it is obtained by the hydrolysis of castor oil. Slivniak and 

Domb 388 studied the thermal self-polycondensation of RA (Figure 6.1 A)) at 

150 ºC and a polyester with a molecular weight of 4,300 Da was obtained after 

12 hours reaction. The same authors also performed the synthesis of RA and 

LA co-polyesters (Figure 6.1 B)), at the same temperature to give polymers 

with a molecular weight 2,000-5,800 Da after 12 hours reaction.  

 

Figure 6.1 – Schematic representation of the synthesis of A) poly-RA through self-condensation of RA 
and B) poly(RA-LA) through polycondensation of RA and LA.388 

Most of the FAs are mono-functional and hence, cannot be used as monomers 

for polymerisations. They need to be converted into a good monomer to be 

polymerised. The synthesis of malonate derivatives, from saturated fatty acid 

methyl esters, for polycondensation reactions with 1,6-hexanediol was studied 

by Kolb and Meier 195. Using 1 mol% Ti(OiPr)4 as the catalyst at 120 ºC, 

resulted in a polymer with a high molecular weight of 22,100 Da, with a high 

dispersity (Đ = 2.02). In this work, it was found that the longer the aliphatic 

side-chains of the polyesters, the higher the Tm of the resulting polymers, 

ranging from -3 to 27 ºC. This suggests that the length of the side-chain 

influences the thermal properties, in which non-polar interactions are the main 

driving force of crystallinity of the polyesters.  
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Figure 6.2 – Synthesis of malonate-derived polyesters, through the polycondensation with 1,6-
hexanediol, using 1 mol% Ti(OiPr)4 as the catalyst at 120 ºC.195 

The polycondensation of FA derived compounds can be also accomplished 

by the self-condensation of hydroxycarboxylic acids. Testud, et al. 389 studied 

the polycondensation of FA-based ABn-type monomers. In contrast to what 

was described by Kolb and Meier 195 and Winkler, et al. 217, Ti(OiPr)4 revealed 

to be a poor catalyst for the polycondensation of methyl-9,10-

dihydroxystearate (M2HS) (Figure 6.3). Zinc acetate (Zn(OAc)2), TBD and 

sodium methoxide (NaOMe) showed better results at 160 ºC, reaching a 

monomer conversion of 95% after 15 h reaction. Branched polymers with 

molecular weights in the range of 3,500-6,100 Da (2.46 < Đ < 3.08) were 

obtained. The dispersity values were characteristic of a branched materials 

obtained through polycondensation.390 Increasing the temperature to > 200 ºC 

and the reaction time to more than 40 h, favoured the formation of insoluble 

gel-like polymers, which is in agreement with previous studies.186, 191 

 

Figure 6.3 –Polycondensation of methyl-9,10-dihydroxystearate (M2HS) through a two-step reaction: 2 
hours at 120 ºC under argon flow followed by 13 hours at 160 ºC under reduced pressure. Different 
catalysts were tested: zinc acetate (Zn(OAc)2), TBD and sodium methoxide (NaOMe).389  
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Winkler, et al. 217 studied the polycondensation of dimethyl itaconate (DMI) 

with different diols using different catalysts (Figure 6.4).  

 

Figure 6.4 – Polycondensation of dimethyl itaconate (DMI) with different diols.217 

Using 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD), titanium isopropoxide 

(Ti(OiPr)4) or p-toluenesulfonic acid (PTSA) as catalysts was found to be not 

ideal since low molecular weight polymers or completely insoluble materials 

were obtained. The presence of the vinylic double bonds led to cross-linking 

of the polymer chains. To overcome this issue, the authors introduced a 

radical inhibitor, 4-methoxyphenol, to the system and, in the presence of 

Sn(Oct)2, linear polymers with a molecular weight of 9,900–11,500 Da (1.64 < 

Đ < 1.85) were obtained (Table 6.1).  

 

Table 6.1 – Polycondensation of dimethyl itaconate with different diols and in the presence of 1 mol% 
Sn(Oct)2, 4-methoxyphenol (to avoid radical-mediated side reactions), at 130 ºC, under argon 
atmosphere (10-2 mbar).217 

Entry Diol Mn (Da) Đ 

1 1,6-hexanediol 11,500 1.64 

2 decane-1,10-diol 10,200 1.85 

3 dodecane-1,12-diol 9,950 1.75 

 

6.2.2. Vernonia-based polymers 

As mentioned in the previous chapter, vernolic acid (VA) can be extracted 

from Vernonia galamensis sp. plant seeds. Vernolic acid is an interesting 

structure because it contains both a double bond and an oxirane ring. These 

functional groups could be valuable for the synthesis of new materials. In the 

literature, there are few examples using VA, or the vernonia oil (VO), for the 

synthesis of new materials. Using the Elsevier’s database Scopus 

(www.scopus.com) and searching for scientific documents with the key words: 
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vernolic acid + polymers, vernonia oil + polymers or vernonia galamensis + 

polymers, only 22 documents were found (Table 6.2 and Figure 6.5).  

Table 6.2 – Articles found by searching for the key words vernolic acid + polymers, vernonia galamensis 
+ polymers or vernonia oil + polymers. Search performed through Elsevier’s database Scopus 
(www.scopus.com). 

Year Paper title Ref 

2014 Direct polymerization of vernonia oil through cationic 
means 

304 

2014 Enzymatic synthesis of epoxy fatty acid starch ester in 
ionic liquid-organic solvent mixture from vernonia oil 

59 

2014 Substrates for PHA biosynthesis 391 

2009 
The biosynthesis of cutin and suberin as an alternative 
source of enzymes for the production of bio-based 
chemicals and materials 

392 

2007 Fatty acids in vernonia produced in the mid-Atlantic 
region of the United States 

351 

2004 
Vernonia oil-based acrylate and methacrylate polymers 
and interpenetrating polymer networks with epoxy 
resins 

393 

2004 
Synthesis and polymerization of a radiation curable 
hyperbranched resin based on epoxy functional fatty 
acids 

394 

2003 
Fat-derived aziridines and their N-substituted 
derivatives: Biologically active compounds based on 
renewable raw materials 

395 

2003 Synthesis of 13(14)-hydroxy-cis-10-nonadecenyl amine 
hydrochloride 

396 

2001 Soluble polymers from a multifunctional natural oil 397 

2000 Vernonia oil seed production in the mid-Atlantic region 
of the United States 

398 

2000 Natural oil-based polymers: opportunities and 
challenges 

399 

1997 Syntheses of 12-aminododecanoic and 11-
aminoundecanoic acids from vernolic acid 

400 

1994 New chemical derivatives based on Vernonia 
galamensis oil 

60 

1993 Naturally functionalized triglyceride oils in 
interpenetrating polymer networks 

401 

1993 Semi-interpenetrating polymer networks composed of 
poly(ethylene terephthalate) and vernonia oil 

402 

1993 Vernonia oil based semi-IPN's with poly(ethylene 
terephthalate) 

403 

1990 
Interpenetrating polymer networks based on functional 
triglyceride oils and other not yet commercial renewable 
resources 

404 

1989 Synthesis of toughened elastomer from vernonia 
galamensis seed oil 

307 

1985 
Simultaneous interpenetrating networks based on 
vernonia oil polyesters and polystyrene. Part 2: A 
comparison of the reactivities of vernonia oil and castor 
oil toward the formation of polyesters 

405 
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1983 Interpenetrating polymer networks from triglyceride oils 
containing special functional groups: a brief review 

406 

1983 
Vernonia oil characterization and polymerization, and 
simultaneous interpenetrating polymer networks based 
on vernonia oil-sebacic acid/polystyrene-DVB 
compositions 

407 

 

To the date, epoxy resins and elastomers are the materials synthesised from 

vernolic acid (see section 1.3.2.1. of this Thesis). Therefore, materials from 

vernolic acid (extracted from Vernonia galamensis sp. seed oil) still needs 

further investigation. 

 

Figure 6.5 – Scientific publications as a function of publication year searching for vernolic acid + 
polymers, vernonia galamensis + polymers or vernonia oil + polymers as the topic with Scopus 
(Elsevier’s database). 

 

6.3. Aims of study 

The aim of this study is to synthesise new polymers from vernolic acid-based 

monomers, which were synthesised in the previous chapter (Chapter 5) (Table 

6.3). 

Initially, this chapter focuses on the melt self-polycondensation of (S,9Z,11E)-

13-hydroxyoctadeca-9,11-dienoic acid (HA) and (12S,13S,Z)-12,13-

dihydroxyoctadec-9-enoic acid (DHA), using Sn(Oct)2 as the catalyst. The 

condensation of dodec-2-ene-1,12-diol (DED) with azelaic acid (AZ) will also 
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investigate in the presence of a lipase (Candida antarctica lipase B, CaLB) in 

toluene.  

Additionally, the same polycondensations were conducted using supercritical 

carbon dioxide (scCO2). This study tests the hypothesis that using scCO2 

gives polymers with similar properties to the ones synthesised in melt 

condensation, whilst using milder conditions.  

 

Table 6.3 – Monomer structures and respective name and abbreviation used in this Thesis. 

Monomer structure Compound name & abbreviation 

 
(S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid 

HA 

 
(12S,13S,Z)-12,13-dihydroxyoctadec-9-enoic acid 

DHA 

 
dodec-2-ene-1,12-diol 

DED 

 
azelaic acid  

AZ 

 

  

OH

O
HO

OH

OHO
HO

HO OH

O
OH

O
HO
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6.4. Experimental 

6.4.1. Materials 

Stannous(II) 2-ethylhexanoate (tin octanoate, Sn(Oct)2) was purchase from 

Sigma Aldrich and used as received. Scandium(III) triflate (Sc(OTf)3) was 

purchase from Sigma Aldrich and used as received. Novozyme® 435 (CaLB 

immobilised on cross-linked acrylic resin beads) was kindly donated by 

Novozymes (Denmark), stored at 4 ºC and dried for 24 hours under vacuum 

(100 mbar) at room temperature (RT) before use. Molecular sieves type 3 and 

4 Å, 1.6-2.5 mm beads, were purchased from Fisher Scientific (UK) and used 

as received. Carbon dioxide grade 4.0 (minimum purity 99.99%) was 

purchased from BOC Special Gases (UK) and used as received. All solvents 

were analytical grade and used as received. 

6.4.2. Synthesis methods 

6.4.2.1. Melt polycondensation of vernonia-based monomers 

6.4.2.1.1. Polycondensation of (S,9Z,11E)-13-

hydroxyoctadeca-9,11-dienoic acid 

 

The polymerisation of (S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid (HA) 

was carried out via melt polycondensation with Sn(Oct)2 or Sc(OTf)3 as the 

catalyst. Thus, in a typical procedure, the monomer (3.55 mmol) and Sn(Oct)2 

(1 wt.% with respect to the total amount of monomer) or Sc(OTf)3 (0.1 mol% 

with respect to the total amount of monomer) were added to a 20 mL three-

neck round bottom flask, alongside a magnetic stirrer (300 rpm) while applying 

vacuum to the system. The mixture was heated to the reaction temperature in 

an oil bath and the reaction was left to run for the specified time (Table 6.4). 

The reaction was stopped by cooling to room temperature (RT). Monomer 

conversion was determined by NMR, using the ratio between the integrations 

of proton Hb* (as monomer) and proton Ha (Table 6.10) (see Figure 6.7). The 

OH

O
HO

O

O
O

n

1 wt.% Sn(Oct)2
or

0.1 mol% Sc(OTf)3

140 or 60 ºC
+ H2O
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reactions were performed at least twice to check reproducibility. The summary 

of the reactions conditions conducted via melt polymerisation are shown 

below (Table 6.4). 

Table 6.4 – Summary of the polycondensation of (S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid 
conducted via melt polycondensation. 

Entry Reaction time T ºC Catalyst Appearance 

1 1h30m 140 ºC 1 wt.% Sn(Oct)2 Viscous, beige  

2 4h30m 140 ºC 1 wt.% Sn(Oct)2 Viscous, brown 

3 19h30 140 ºC 1 wt.% Sn(Oct)2 Viscous, brown 

4 1 h 60 ºC 0.1 mol % Sc(OTf)3 Liquid, beige 

5 2 h 60 ºC 0.1 mol % Sc(OTf)3 Liquid, beige 

6 3 h 60 ºC 0.1 mol % Sc(OTf)3 Viscous, light brown 

7 4 h 60 ºC 0.1 mol % Sc(OTf)3 Viscous, brown 

 

6.4.2.1.2. Polycondensation of (12S,13S,Z)-12,13-

dihydroxyoctadec-9-enoic acid 

 

The polymerisation of (12S,13S,Z)-12,13-dihydroxyoctadec-9-enoic acid 

(DHA) was carried out via melt polycondensation with Sn(Oct)2 or Sc(OTf)3 as 

the catalyst. Thus, in a typical procedure, the monomer (3.55 mmol) and 

Sn(Oct)2 (1 wt.% with respect to the total amount of monomer) or Sc(OTf)3 

(0.1 mol% with respect to the total amount of monomer) were added to a 20 

mL three-neck round bottom flask, alongside a magnetic stirrer (300 rpm) 

applying vacuum to the system. The mixture was heated to the reaction 

temperature in an oil bath and was left to run for the specified reaction time 

(Table 6.5). The reaction was stopped by cooling to room temperature (RT). 

The reactions were performed at least twice to check reproducibility. A 

OH

OHO
HO

O

OO
O

n

1 wt.% Sn(Oct)2
or

0.1 mol% Sc(OTf)3

140 or 60 ºC
+ H2O
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summary of the conditions for melt polymerisation are shown below (Table 

6.5). 

Table 6.5 – Summary of the polycondensation of (12S,13S,Z)-12,13-dihydroxyoctadec-9-enoic acid 
conducted via melt polycondensation. 

Entry Reaction time T ºC Catalyst Appearance 

8 1 h 140 ºC 1 wt.% Sn(Oct)2 Viscous, transparent  

9 3 h 140 ºC 1 wt.% Sn(Oct)2 Viscous, transparent 

10 4h30 140 ºC 1 wt.% Sn(Oct)2 Sticky, transparent 

11 7 h 140 ºC 1 wt.% Sn(Oct)2 Sticky, transparent 

12 19h30 140 ºC 1 wt.% Sn(Oct)2 Gel, transparent 

13 1 h 60 ºC 0.1 mol % Sc(OTf)3 Liquid, transparent 

14 2 h 60 ºC 0.1 mol % Sc(OTf)3 Liquid, transparent 

15 3 h 60 ºC 0.1 mol % Sc(OTf)3 Liquid, transparent 

16 5 h 60 ºC 0.1 mol % Sc(OTf)3 Viscous, yellow 

 

6.4.2.1.3. Polycondensation of dodec-2-ene-1,12-diol and 

azelaic acid 

 

The polymerisation of dodec-2-ene-1,12-diol (DED) with azelaic acid (AZ) was 

carried out via polycondensation with CaLB as the catalyst. Thus, in a typical 

procedure using a 1:1 molar ratio of DED:AZ, the DED (3.55 mmol, 0.71 g), 

AZ (3.55 mmol, 0.67 g), molecular sieves (size 4Å, 25 wt.% with respect to 

the total amount of monomers) and toluene (1 mL) were added to a 20 mL 

three-neck round bottom flask, alongside a magnetic stirrer (300 rpm) and the 

reaction was left to run under an argon atmosphere. The reaction mixture was 

heated for one hour at 55-60 ºC in an oil bath (Table 6.6). Thereafter, CaLB 

(25 wt.%§§ with respect to the total amount of monomers) was added and the 

temperature was increased to 100 ºC and left to run for 46 hours. The reaction 

                                            
§§ Includes polymer support 

HO OH
O
OH

O
HO O O

O
O

O
+ H2O25 wt.% CaLB

100 ºC
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was stopped by cooling to room temperature (RT). The molecular sieves and 

CaLB were removed by filtration after dissolving the reaction mixture in THF 

(qualitative Fisherbrand filter paper, supplied by Fisher Scientific) and the 

solvent was removed under reduced pressure. The samples were dried under 

vacuum pressure, at RT, overnight. The monomer conversion was calculated 

through NMR, using the integration of proton Hf (of the monomer) against the 

integration of protons Hb and Hc (Table 6.13) (see Figure 6.17). The summary 

of the reactions conditions conducted via polymerisation are shown below 

(Table 6.6). 

Table 6.6 – Summary of the polycondensation of dodec-2-ene-1,12-diol (diol) with azelaic acid (diacid) 
conducted polycondensation in of toluene, under a stream of argon. Note: the ration diol:diacid was 1:1; 
a Includes polymer support. 

Entry Reaction time T ºC Catalysta Appearance 

17 2 h 100 ºC 25 wt.% CaLB Liquid, transparent  

18 4 h 100 ºC 25 wt.% CaLB Viscous, yellow 

19 20 h 100 ºC 25 wt.% CaLB Viscous, orange 

20 26 h 100 ºC 25 wt.% CaLB Viscous, orange 

21 48 h 100 ºC 25 wt.% CaLB Viscous, orange 

 

6.4.2.2. Polycondensation of vernonia-based monomers in 

supercritical carbon dioxide 

6.4.2.2.1. Polycondensation of (S,9Z,11E)-13-

hydroxyoctadeca-9,11-dienoic acid 

 

In a typical procedure, HA (3.55 mmol), Sn(Oct)2 (1 wt.% with respect to the 

total amount of monomer) and molecular sieves (size 3Å, 25 wt.% with respect 

to the total amount of monomer) were added to the stainless steel reaction 

autoclave described previously (20 mL, Chapter 2, Figure 2.3). The vessel 

was sealed and pressurised to 50 bar. Subsequently, the temperature was set 

OH

O
HO

O

O
O

n

1 wt.% Sn(Oct)2
200 bar, 95 ºC

+ H2O
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to 95 ºC and finally the pressure was increased to 200 bar. The reaction was 

left to run for 3, 6 and 24 h, while stirring at 150 rpm. To avoid polymer foaming 

and blockages in the pipework, the reactions were terminated by cooling the 

vessel in a water/ice bath (~ 0 ºC) before venting. The CO2 was vented when 

the pressure was below 20 bar. Finally, the product was collected and 

dissolved in 10 mL of THF, and filtered to remove molecular sieves. The 

solvent was then removed under reduced pressure, leaving the polymeric 

products. The samples were dried overnight under vacuum, at RT. Monomer 

conversion was determined by NMR, by the ratio between the integrations of 

proton Hb* (as monomer) and proton Ha (Table 6.14) (see Figure 6.20). The 

summary of the reactions conditions for polymerizations conducted in 

supercritical conditions are showed below (Table 6.7). 

 

Table 6.7 – Summary of the polycondensation of HA conducted in scCO2 at 275 bar.  

Entry Reaction time T ºC Catalyst Appearance 

22 3 h 95 ºC 1 wt.% Sn(Oct)2 Viscous, dark brown  

23 6 h 95 ºC 1 wt.% Sn(Oct)2 Viscous, dark brown 

24 24 h 95 ºC 1 wt.% Sn(Oct)2 Viscous, dark brown 

 

6.4.2.2.2. Polycondensation of (12S,13S,Z)-12,13-

dihydroxyoctadec-9-enoic acid 

 

In a typical procedure, DHA (3.55 mmol), Sn(Oct)2 (1 wt.% with respect to the 

total amount of monomer) and molecular sieves (size 3Å, 25 wt.% with respect 

to the total amount of monomer) were added to the stainless steel reaction 

autoclave described previously (20 mL, Chapter 2, Figure 2.3). The vessel 

was sealed and pressurised to 50 bar. Subsequently, the temperature was set 

to 95 ºC and finally the pressure was increased to 200 bar. The reaction was 

left to run for 3, 6 and 24 h, while stirring at 150 rpm. To avoid polymer foaming 

OH

OHO
HO

O

OO
O

n

+ H2O1 wt.% Sn(Oct)2
200 bar, 95 ºC
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and blockages in the pipework, the reactions were terminated by cooling the 

vessel in a water/ice bath (~ 0 ºC) before venting. The CO2 was vented when 

the pressure was below 20 bar. Finally, the product was collected and 

dissolved in 10 mL of THF, and filtered to remove the molecular sieves. The 

solvent was then removed under reduced pressure, leaving the polymeric 

products. The samples were dried overnight under vacuum, at RT. The 

summary of the reactions conditions for polymerisations conducted in 

supercritical conditions are showed below (Table 6.8). 

Table 6.8 – Summary of the polycondensation of (12S,13S,Z)-12,13-dihydroxyoctadec-9-enoic acid 
conducted in scCO2 at 275 bar.  

Entry Reaction time T ºC Catalyst Appearance 

25 3 h 95 ºC 1 wt.% Sn(Oct)2 Waxy, beige  

26 6 h 95 ºC 1 wt.% Sn(Oct)2 Waxy, beige 

27 24 h 95 ºC 1 wt.% Sn(Oct)2 Waxy, dark orange 

 

6.4.2.2.3. Polycondensation of dodec-2-ene-1,12-diol and 

azelaic acid 

 

For a reaction with 1:1 molar ratio of DED:AZ, the DED (3.55 mmol, 0.71 g), 

AZ (3.55 mmol, 0.67 g), CaLB (25 wt.%*** with respect to the total amount of 

monomers) and molecular sieves (size 3Å, 25 wt.% with respect to the total 

amount of monomer) were added to the stainless steel reaction autoclave 

described previously (20 mL, Chapter 2, Figure 2.3). The vessel was sealed 

and pressurised to 50 bar. Subsequently, the temperature was set to 35 ºC 

and finally the pressure was increased to 275 bar. The reaction was left to run 

for 24 h, while stirring at 150 rpm. To avoid polymer foaming and blockages in 

the pipework, the reactions were terminated by cooling the vessel in a 

water/ice bath (~ 0 ºC) before venting. The CO2 was vented when the pressure 

was below 20 bar. Finally, the product was collected and dissolved in 10 mL 

                                            
*** Includes polymer support 

HO OH
O
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O
HO O O
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O
+ H2O25 wt.% CaLB

275 bar, 35 ºC
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of THF, and filtered to remove the enzyme beads and molecular sieves. The 

solvent was then removed under reduced pressure, leaving the polymeric 

product. The samples were dried overnight under vacuum at RT. The 

monomer conversion was calculated through NMR, using the integration of 

proton Hf (of the monomer) against the integration of protons Hb and Hc (Table 

6.15) (see Figure 6.26). The reaction conditions for this polymerization 

conducted in scCO2 is shown below (Table 6.9). 

Table 6.9 – Summary of the polycondensation of dodec-2-ene-1,12-diol (DED) with azelaic acid (AZ) 
conducted in scCO2 at 275 bar. Note: the molar ratio of diol:diacid was 1:1; a Includes polymer support. 

Entry Reaction time T ºC Catalysta Appearance 

28 24 h 35 ºC 25 wt.% CaLB Viscous, orange 

 

6.4.3. Polymer characterisation 

The polymer structures were characterised using 1H-NMR, GPC and DMA. All 

these techniques are described in Chapter 2. 
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6.5. Results and discussion 

6.5.1. Melt polycondensation of vernonia-based monomers 

To the best of the author’s knowledge, the melt polycondensation of the 

synthesised vernonia-based monomers (in which vernolic acid was obtained 

from the extracted vernonia oil) has never been investigated.  

6.5.1.1. Polycondensation of (S,9Z,11E)-13-hydroxyoctadeca-

9,11-dienoic acid (HA) 

 

Figure 6.6 – Polycondensation reaction of HA monomer using 1 wt.% Sn(Oct)2, or 0.1 mol% Sc(OTf)3, 
at 140 or 60 ºC. 

(S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid (HA) was first polymerised, 

via melt condensation, using 1 wt.% Sn(Oct)2 (entries 1-3, Table 6.10) and 

0.1 mol % Sc(OTf)3 (entries 4-7, Table 6.10). When using Sn(Oct)2 the 

polymerisations were conducted at 140 ºC, whilst the polymerisation was 

conducted at 60 ºC when using Sc(OTf)3 as the catalyst. In addition, vacuum 

was applied into the system, to drive the reaction towards the formation of the 

product.  

Ideally, the conversion should be accessed using the ratio of the integrals of 

proton Hb (adjacent to the hydroxyl group, which reacts in the 

polycondensation) as monomer and polymer. However, proton Hb, upon 

polymerisation and formation of the ester bond, shifts close to the C=C double 

bond region and this causes difficulties with integration. Therefore, although 

not 100% accurate, the ratio between the integrations of proton Hb* (as 

monomer) and proton Ha are used to determine the conversion of the reaction 

(Figure 6.7).  
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Table 6.10 – Polymerisation of HA polymer via melt polycondensation. a Monomer conversion was 
determined by NMR (Figure 6.7), by the ratio between the integrations of proton Hb (as monomer) and 
proton Ha;

 b these Mn values corresponds to the peaks with higher molecular weights, other peaks were 
detected in the GPC trace, due to the presence of oligomers.  

  Entry Time Conversiona Mn
GPC (Da)b Đ Tg 

Sn
(O

ct
) 2 1 1h30m 99% 2,100 > 2 – 

2 4h30m 99% 11,600 > 2 – 

3 19h30 99% 34,400 > 2 -23 ºC 

Sc
(O

Tf
) 3 

4 1 h 70% 1,300 > 2 – 

5 2 h 80% 1,300 > 2 – 

6 3 h 86% 5,500 > 2 – 

7 4 h 90% 7,800 > 2 -27 ºC 

 

After 4.5 h of polymerisation catalysed with Sn(Oct)2 (Figure 6.7 B)), from the 

integration of proton Hb*, the conversion was 99%. Upon formation of the ester 

bond, the chemical shift of Hb shifts to higher frequencies. However, the 

chemical shift of this proton, overlaps with the resonances of the double bonds 

protons (Hc, Hd, He and Hf), ca. 6.50–5-20 ppm. Considering the integration of 

protons Hc, Hd, He and Hf, before polymerisation (Figure 6.7 A)), it gives a 

value of 3.98, which corresponds to these 4 protons. Upon polymerisation, 

(Figure 6.7 B)), the integration in the same region gave 4.75, which confirms 

the presence of proton Hb upon formation of the ester bond.  
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Figure 6.7 – 1H-NMR spectra of A) (S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid monomer (HA), 
and the polymerisation product of HA via melt condensation catalysed with B) Sn(Oct)2 (4h30 reaction, 
entry 2 of Table 6.10) and C) Sc(OTf)3 (4 h reaction, entry 7 of Table 6.10). The solvent used was 
chloroform-d. Note: Hb proton as part of the monomer structure is represented as b*; due to overlap of 
the resonance of proton Hb (upon polymerisation) with the C=C double bonds protons (Hc, Hd, He and 
Hf), this assignment is not represented in the spectra, but it is present in this region 6.50–5-20 ppm; 
��= corresponds to the presence of an unknown impurity. 

After 19h30 polymerisation time (Figure 6.8), the broadening of the 

resonances is noticeable, due to the increase of the polymer molecular weight, 

which is characteristic for a NMR spectrum of a polymer. Through GPC 

analysis, there is an increase of the molecular weight with time and, after 
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19h30, a polymer with a molecular weight up to 34,400 Da, with high dispersity 

(Đ > 2), was obtained (entry 3, Table 6.10). The high dispersity is due to the 

presence of oligomeric chains. 

 

Figure 6.8 – 1H-NMR spectrum of the polymerisation of HA after 19h30m (entry 3 of Table 6.10). The 
solvent used was chloroform-d1. Note: Hb proton as part of the monomer structure is represented as b*; 
due to overlap of the resonance of proton Hb (upon polymerisation) with the C=C double bonds protons 
(Hc, Hd, He and Hf), his assignment is not represented in the spectra, but it is present in this region 6.50–
5-20 ppm; 

According to Carothers equation, DP= 1
1-p (p = conversion), 99% conversion 

should give a polymer with a molecular weight of 26,000 Da. After 1h and 

19h30 reaction, from GPC analysis, polymers with molecular weights of 2,100 

and 34,400 Da (respectively) were obtained, both with high dispersities. It is 

important to note that in step-growth polymerisation, a high molecular weight 

polymer is only obtained at high conversions (Table 6.11). Monomer 

conversion is measured by NMR and its limit of detection (LOD) is accurate to 

1%. From the Carother’s equation it was expected that a 99% conversion, as 

reported in this work, would produce a theoretical Mn of 26,000 Da. However, 

from GPC a Mn of 34,000 Da was achieved. This can be explained by 

examining the influence of conversion on theoretical Mn using the Carothers 

equation (Table 6.11). Here it is shown that small variances in the conversion 
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95-99.3% result in a large variation in Mn
theo, while the reported conversion 

would still be 99%. 

Table 6.11 – Molecular weight prediction of HA polymer, following Carothers’ equation (DP= 1
1-p (p = 

conversion)), for a condensation polymerisation at 95.0-99.3% monomer conversion. 

Entry Conversion Conversion (p) DP Mn
theo (Da) 

1 95.0% 0.95 20.00 5,200 

2 99.0% 0.99 100.00 26,000 

3 99.1% 0.991 111.11 28,900 

4 99.2% 0.992 125.00 32,500 

5 99.3% 0.993 142.80 37,100 

Nevertheless, there are other possible factors that might explain these 

discrepancies. First, the polymers analysed are crude where no purification 

steps were performed to remove the presence of low molecular weight fraction 

of the product mixture. Second, the possible formation of cyclic chains can 

occur by direct esterification of the end-groups present in this AB-type of 

monomer or by the transesterification of an OH-end group with a –COO-group 

present in the (same) polymer chain (back-biting). In order to detect the 

presence of these possible cyclic structures, the author tried to analyse the 

polymeric samples through MALDI. Unfortunately, the ionisation of the 

polymeric samples was not enough to detect a signal. Several matrices were 

analysed to optimise the ionisation process however, further optimisation of 

MALDI procedures is required to improve the ion formation pathway. 

Consequently, the discrepancies found in the Mn calculated through the 

Carothers equation and through GPC might be related to NMR LOD, the 

presence of low-molecular weight molecules (oligomers) and the possible 

formation of cyclic structures. 

The Lewis acid catalyst (Sc(OTf)3) has been used for the synthesis of 

polyesters via melt polycondensations of dicarboxylic acid and diols200, 408 

(and polyols199), at low temperatures. Using 0.05 mol% Sc(OTf)3 at 60 ºC 

(under reduced pressure) to condensate adipic acid and 3-methyl-1,5-

pentanediol, after 6 hours reaction, a polymer with 1,600 Da (Đ > 2) with >99% 

yield was obtained.408 Therefore, since Sc(OTf)3 can synthesise polyesters at 

such low temperatures (from a sustainable point of view this is desirable) the 

polymerisation of HA catalysed by this scandium catalyst was evaluated. 
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When using the scandium catalyst, it was found that the lower temperature 

(60 ºC), the reaction was slower than the polymerisation catalysed with 

Sn(Oct)2. After two hours’ reaction, a polymer with 80% conversion and a 

molecular weight of 1,200 Da (Đ > 2) (entry 5, Table 6.10) was obtained. With 

a further two hours’ polymerisation, a polymer with 90% conversion and a 

molecular weight of 7,800 Da (Đ > 2) was obtained (entry 7, Table 6.10, Figure 

6.7). Nevertheless, it is known that, in general, using lower temperatures 

would not favour the formation of polymers with lower molecular weight.409-412   

Dynamic mechanical analysis (DMA) was performed to evaluate the thermal 

properties of these polymers. A low glass transition temperature (Tg) was 

expected for this polymer structure due to the presence of an alkyl side chain. 

It is well known that an increase in length of a flexible side chain reduces Tg.413-

414 This effect occurs as a consequence of an increase in the flexibility and 

volume in between the polymer chains. DMA analysis (Figure 6.9), confirmed 

the low Tg of these polymers: -23 and -27 ºC (product of the tin and scandium 

catalysts, respectively, Table 6.10). However, this value might be influenced 

by the presence of oligomers in the sample. Normally, small molecules are 

efficient as plasticisers, lowering the Tg of the host polymer.271-274 Therefore, 

the Tg measure might be erroneously low because of the presence of the 

fraction of low molecular-weight chains. 

 

Figure 6.9 – DMA trace showing the Tg of the HA polymer obtained from entry 3, Table 6.10.  
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6.5.1.2. Polycondensation of (12S,13S,Z)-12,13-

dihydroxyoctadec-9-enoic acid (DHA) 

 

Figure 6.10 – Polycondensation reaction of DHA monomer using 1 wt.% Sn(Oct)2, or 0.1 mol% Sc(OTf)3, 
at 140 or 60 ºC. 

(12S,13S,Z)-12,13-dihydroxyoctadec-9-enoic acid (DHA) was first 

polymerised, via melt condensation, using 1 wt.% Sn(Oct)2 (entries 8-12, 

Table 6.12) and 0.1 mol % Sc(OTf)3 (entries 13-16, Table 6.12). When using 

Sn(Oct)2 the polymerisations were conducted at 140 ºC, and at 60 °C when 

using Sc(OTf)3 as the catalyst. In addition, vacuum was applied to the system, 

to drive the reaction towards the formation of the product.  

DHA is a dihydroxy acid and thus, an AB2 type monomer which is expected to 

form a branched polymer. As mentioned in Chapter 3, branched polymers can 

be synthesised by the polycondensation of ABn type of monomers, where 

n ≥ 2.  

The molecular weight of the polymer synthesised using Sn(Oct)2 increases 

with time, as expected. After a reaction time of seven hours, a soluble polymer 

with a molecular weight of 8,400 Da (Đ > 2) was obtained and, after nearly 

twenty hours, the polymer was partly insoluble, mostly likely due to cross-

linking/branching. Before GPC analysis, the sample needs to pass through a 

filter and the insoluble polymeric portion might have remained in the filter. 

Therefore, the GPC results are obtained only from the soluble polymer portion, 

with a molecular weight of 7,900 (Đ > 2). The overlapping of the chemical 

shifts of protons Hc ( ) and Hd ( ) with the protons Hc and Hd of the monomer, 

makes it impossible to determine the monomer conversion from 1H-NMR 

spectroscopy. Nevertheless, the clear broadening of the peaks (Figure 6.12 

B)) indicates polymer formation. In addition, since DHA is a AB2-type 

monomer, other structures were expected to be obtained (Figure 6.11), and 

additional chemical shifts were detected in the 1H-NMR spectrum (Figure 6.12 
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B)). These peaks were identified through COSY-NMR (Figure A 12 in 

Appendix). 

Table 6.12 – Synthesis of DHA polymer via melt polycondensation. a the overlapping of the chemical 
shifts of protons Hd and Hc as a monomer and a terminal group of the polymeric chain makes impossible 
to measure the conversion; b these Mn values corresponds to the peaks with higher molecular weights, 
other peaks were detected in the GPC trace, due to the presence of oligomers; c determined by Frey’s 
equation (DBFrey= 2×B0

2×B0+B1
×100, B0 = branched structure, B1 = linear structure).  Note: nd. = not 

determined. 

  
Entry Time Conversiona Mn

GPC (Da)b Đ DBc Tg 

Sn
(O

ct
) 2 

8 1 h 

nd.a 

1,100 > 2 27% – 

9 3 h 1,300 > 2 30% – 

10 4h30 5,100 > 2 40% – 

11 7 h 8,400 > 2 41% – 

12 19h30 7,900 > 2 49% -23 ºC 

Sc
(O

Tf
) 3 

13 1 h 

nd.a 

1,100 > 2 – – 

14 2 h 1,200 > 2 – – 

15 4 h 1,200 > 2 – – 

16 5 h 2,900 > 2 – -38 ºC 

 

 

Figure 6.11 – Substitution patterns for the DHA polymer. The schematics next to the structures represent 

the number of hydroxy groups that reacted (e.g.  corresponds to the linear polymer structure, where 
a second monomer reacts with proton Hc). Note: the blue dot represents an unreacted hydroxyl group, 
and the orange dot represents an unreacted carboxyl group. 
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Figure 6.12 – 1H-NMR spectra of the A) DHA monomer and B) branched DHA polymer (entry 12 from 
Table 6.12), catalysed with Sn(Oct)2 at 140 ºC (19h30m reaction time). The solvent used was 
chloroform-d1. 

DBFrey=
2×B0

2×B0+B1
×100 

Equation 6.1 – Degree of branching equation defined by Frey.189-190 

From the NMR spectra obtained (Figure 6.12 and Figure A 12 in Appendix), it 

was possible to identify that protons Hc and Hd of the terminal unit ( ) are at 

ca. 3.52-3.40 ppm. When the polymerisation occurs, the formation of the ester 

bond can occur in proton Hc or/and Hd, if there is the formation of a linear or 

branched polymer, respectively. Hence, when the formation of a linear 

polymer occurs on the hydroxyl group on the vicinity of proton Hc ( ), this 
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proton will shift to ca. 4.90-4.80 ppm, and proton Hd ( , of the same linear 

polymer chain), will shift to ca. 3.67-3.56 ppm. When the polymerisation of a 

linear polyester occurs on the hydroxyl group on the vicinity of proton Hd ( ), 

this proton will shift to ca. 4.90-4.80 ppm, and proton Hc ( , of the same linear 

polymer chain), will shift to ca. 3.67-3.56 ppm. When a branched polymer is 

formed, protons Hc ( ) and Hd ( ) shift to at ca. 5.05-4.97 ppm. Protons Hg 

and Hf, corresponding to the C=C double bond, shift to at ca. 5.67-5.23 ppm.  

To gain a better insight into the polymer structure, the degree of branching 

(DB) was calculated from 1H-NMR data following Frey’s equation (Equation 

6.1, introduced in Chapter 3) by integrating the resonances corresponding to 

the protons Hc and Hd from B0 ( , at ca. 5.05-4.97 ppm) and B1 (  and , at 

ca. 4.90-4.80 and 3.67-3.56) units. For the DHA polymers synthesised using 

Sn(Oct)2, DB in the range of 27-49% were obtained (Table 6.12).  The 

formation of branched polymers started early in the polycondensation 

reaction. From 1 to 3 hours reaction time, the DB increased from 27 to 30% 

(entries 8 and 9 from Table 6.12). A further reaction increase to 7 and 19.5 h, 

the branching improved up to 41 and 49%, respectively (entries 10 and 11 

from Table 6.12). As expected, using Sn(Oct)2 there was preference for more 

branched material. Therefore, while the polymer grows, there is the synthesis 

of linear and branched polymer chains. 

When using the Sc(OTf)3 catalyst (0.1 mol%), the polymerisation was 

performed at a lower temperature of 60 ºC, and the polymerisation rate seems 

to be slower when compared with the Sn(Oct)2 catalysed reaction. After five 

hours, a polymer with a molecular weight of 2,900 (Đ > 2) was obtained. 

Interestingly, the DB was found to dramatically depend on the type of the 

catalyst used. The polycondensation catalysed with Sc(OTf)3 yielded a linear 

polymer, with a DB = 0%, at the reaction conditions specified above (Figure 

6.13). From the NMR spectrum shown below (Figure 6.13 B)), protons Hc ( ) 

and Hd ( ) at ca. 5.05-4.97 ppm are missing, confirming linear polymer. 
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Figure 6.13 – 1H-NMR spectra showing the assignments of the polymeric chains obtained when the 
polycondensation is catalysed by A) Sn(Oct)2 (polymer from entry 12 Table 6.12) and B) Sc(OTf)3 
(polymer from entry 16 Table 6.12). Note: the green box is highlighting the region of proton Hc and Hd 
chemical shifts in a branched (upper spectrum) or linear structure (lower spectrum).   

The thermal analysis of DHA polymers was performed using DMA (Figure 

6.14). Taking the presence of the pendant alkyl group but also the occurrence 

of branching into consideration (DB = 49 and 0% when using the Sn(Oct)2 and 

Sc(OTf)3, respectively), different glass transitions were expected. Sharp 

peaks at ca. -38 and -23 ºC were obtained when using Sn(Oct)2 and Sc(OTf)3, 

respectively. In addition, a smaller broad ‘peak’ at 115 ºC was observed, when 

using the Sn(Oct)2 catalyst. Nevertheless, this latter peak (Figure 6.14), is 

broad and less intense and could be a result of an artefact present in the 

sample or could be caused by polymer degradation. However, there is a clear 

difference in the glass transitions obtained and there are two reasons that 
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might justify this behaviour. Firstly, the difference of the molecular weight of 

the polymers (7,900 and 2,900 Da) will greatly affect the Tg. The higher the 

molecular weight, the higher the glass transition. In addition, the degree of 

branching will increase the entanglements between the polymer chains 

resulting in a higher Tg. It is also important to note that the polymers are crude, 

where no purification was made. Therefore, there is still the presence of 

oligomers, reflected by the high dispersities obtained. Hence, and as 

mentioned previously, this might affect the measurement of the Tg. Further 

analysis (such as TGA and further optimisation of DMA parameters) is 

required to gain a better insight in the thermal properties of the DHA polymer.  

Testud, et al. 389 investigated the polycondensation of a similar monomer, 

methyl-9,10-dihydroxystearate (M2HS) using TBD as the catalyst at 170 ºC. 

In this work, a branched polymer (DB = 41%) with a molecular weight up to 

7,600 Da (Đ > 12) was obtained. This polymer had a Tg of -22 ºC, which is in 

accordance with what was obtained in this Thesis.  

 

Figure 6.14 – DMA traces showing the Tg of the DHA polymers, catalysed by Sn(Oct)2 and Sc(OTf)3, 
corresponding to entries 12 and 16 of Table 6.12. 
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6.5.1.3. Polycondensation of dodec-2-ene-1,12-diol (DED) and 

azelaic acid (AZ) 

 

Figure 6.15 – Polycondensation reaction of DED with AZ 25 wt.%††† CALB at 100 ºC in toluene. 

The polycondensation of dodec-2-ene-1,12-diol (DED) with azelaic acid (AZ) 

was accomplished via condensation using 25 wt.%‡‡‡ CaLB in the presence of 

molecular sieves and toluene, under an argon atmosphere (entries 17-21, 

Table 6.13). AZ (Tm ~ 110 ºC) is a natural occurring dicarboxylic acid, in which 

can be found in wheat, rye and barley.415-416  It is important to mentioned that 

the DED used for the melt polycondensation is not pure. As mentioned 

previously, from the reduction of (E)-12-oxododec-10-enoic acid (compound 

(69) from the previous chapter) a mixture of two diols (compounds (70) and 

(71) from the previous chapter), were produced (see section 5.5.3.5 of this 

Thesis). Therefore, the monomer used is a mixture of two diols, with and 

without the double bond. Nevertheless, to simplify the nomenclature, DED 

refers to the mixture of diols (Figure 6.16). 

 

Figure 6.16 – Schematic representation of the structure of the DED monomer use, which is a mixture of 
two diols. 

The DED and AZ were first reacted at 55-60ºC in toluene for one hour, under 

an argon atmosphere, for mixing. Only then, CaLB was added to the system 

and the temperature raised to 100 ºC. Normally, this two-step procedure 

allows the synthesis of high molecular weight polymer.224 As discussed in 

more detail in Chapter 3, CaLB is more reactive towards primary alcohols.150, 

204-206 Hence, since DED possesses primary hydroxyl groups, CaLB is 

expected to efficiently catalyse the polycondensation.  

After 4 hours, a polymer with 75% monomer conversion and a molecular 

weight of 4,600 Da (Đ > 2) was obtained (entry 18, Table 6.13). Increasing the 

reaction time to 46 hours, resulted in a liquid orange polymer with a Mn of 
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5,500 Da (Đ > 2, 87% monomer conversion) (entry 21, Table 6.13). This 

increase of only ~1,000 Da in molecular weight when increasing the reaction 

time to 46 hours certainly indicates that the polymerisation process is slow. 

This could be due to catalyst deactivation at the reaction temperature, 

resulting in a decrease in the activity of the enzyme. For example, Taresco, et 

al. 222 found that at higher reaction temperatures polymers with lower 

molecular weight are formed in the enzymatic (CaLB) polycondensation of 

glycerol with adipic acid. In addition, the possible formation of cyclic structures 

might be another factor. To check the presence of these structures, MALDI 

analysis were performed. Unfortunately, the ionisation of the polymer was not 

effective and MALDI could not shed light the process. 
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Table 6.13 – Polycondensation of dodec-2-ene-1,12-diol (DED) with azelaic acid (AZ) in toluene using 
CaLB as the catalyst. a The conversion was calculated through NMR, using the integration of proton Hf 
(of the monomer) against the integration of protons Hb and Hc; 

b these Mn values corresponds to the 
peaks with higher molecular weights, other peaks were detected in the GPC trace, due to the presence 
of oligomers; c it was not possible to determine the conversion due to the presence of solvent in the 
sample. 

 Entry Time Conversiona Mn
GPC (Da)b Đ Tg 

C
aL

B
 

17 2 h nd.c 4,300 > 2 – 

18 4 h 75% 4,600 > 2 – 

19 20 h 82% 4,800 > 2 – 

20 26 h 84% 5,100 > 2 – 

21 48 h 87% 5,500 > 2 -5 ºC 

 

Figure 6.17 – 1H-NMR spectrum of the A) DED monomer (mixture of diols) and the B) linear DED-AZ 
polymer (entries 21 from Table 6.13), catalysed with CaLB at 100 ºC (48h reaction time). The solvent 
used was chloroform-d1. Note: u it is an unknown doublet peak. Note: the black protons letters are 
assigned to the monomer structures, and the green to the polymers. 
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From 1H-NMR analysis it was possible to see the formation of polymer (Figure 

6.17). A clear shift of the resonances of protons Ha and Hf was observed upon 

polymerisation, i.e. upon formation of the ester bond. The triplet corresponding 

to proton Hf, shifted from 3.57 ppm to 4.04 ppm. Likewise, the doublet 

corresponding to proton Ha, shifted from 4.06-3.99 ppm to 4.53-4.47 ppm. The 

assignment of protons Hc and Hb was possible after COSY analysis (Figure A 

11 shown in Appendix). Also through 1H-NMR analysis it was confirmed that 

both diols (from DED monomer) contributed to polymer formation (Figure 

6.17). The integration of the peak at ca. 2.31-2.21 ppm (which corresponds to 

protons Hg, upon polymerisation) corresponds to 7.93. If there was only one 

mixture of the diol, this integration should be 4.  

The thermal analysis of the DED-AZ polymer was performed by DMA. A higher 

Tg was expected to obtain than for the DHA and HA polymers as a 

consequence of the linearity of the DED-AZ polymer. A Tg of -5 ºC was 

observed, which confirms our hypothesis (Figure 6.18). Nevertheless, the 

presence of oligomers (since no purification was performed after 

polymerisation and it is confirmed by the high dispersity obtained by GPC 

analysis) might decrease the actual Tg value of the polymeric chain.  

 

Figure 6.18 – DMA trace of the DED-AZ polymer (entry 21, Table 6.13) showing a Tg of -5 °C. 
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6.5.2. Polycondensation of vernonia-based monomers in supercritical 

carbon dioxide 

To the best of the author’s knowledge, this is the first time that the synthesis 

of polyesters from vernonia-based monomers has been attempted under 

scCO2 conditions, using milder conditions than the ones applied in melt 

polycondensation (described above).  

6.5.2.1. Behaviour of the vernolic acid derived monomers in 

supercritical carbon dioxide 

(S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid (HA) and (12S,13S,Z)-

12,13-dihydroxyoctadec-9-enoic acid (DHA) were exploited as building blocks 

for the formation of HA and DHA polymers in scCO2. Therefore, the interaction 

of these monomers with scCO2 was investigated. 

 

Figure 6.19 – Visual observation of HA monomer at A) ambient pressure (1 bar) and temperature 
(25 ºC), B) at 200 bar and 95 ºC and C) at ambient pressure (1 bar) and temperature (25 ºC) upon 
removal of the CO2 (after 7 hours under pressure). The same observations were made for the DHA 
monomer. 

There is a clear difference before, during and after exposure of HA monomer 

to scCO2 (Figure 6.19). The presence of bubbles in the monomer HA (Figure 

6.19 B)) is an indication that scCO2 is soluble in HA. In addition, upon removal 

of CO2 (Figure 6.19 C)), the HA monomer was pulled out of the vial to the view 
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cell’s internal walls. This occurred as a consequence of the release of CO2 

from the HA molecules. The same behaviour was observed for the 

(12S,13S,Z)-12,13-dihydroxyoctadec-9-enoic acid (DHA) monomer.  

This view cell investigation demonstrates a clear interaction of scCO2 with the 

monomers, where scCO2 is soluble in HA. 

6.5.2.2. Polycondensation of (S,9Z,11E)-13-hydroxyoctadeca-

9,11-dienoic acid 

The polymerisations of HA were conducted for 3, 6 and 24 hours at 200 bar 

and 95 ºC with 1 wt.% Sn(Oct)2 as the catalyst (Table 6.14). Because of the 

low amount of HA monomer available and since polymerisations using 

Sc(OTf)3 as the catalyst yielded a polymer with low monomer conversion 

contributing to polymers with lower Mn in the melt, Sn(Oct)2 was chosen as 

the catalyst for the polycondensation of HA under scCO2 conditions. 1H-NMR 

spectra of the HA polymers are shown below (Figure 6.20). 

 

Figure 6.20 – 1H-NMR spectrum of HA polymer synthesised using Sn(Oct)2 at 95 ºC and 200 bar for 24 
hours (entry 24 from Table 6.14). The solvent used was chloroform-d1. Note: Hb proton as part of the 
monomer structure is represented as b*; due to overlap of the resonance of proton Hb (upon 
polymerisation) with the protons in the vicinity of the C=C double bonds (Hc, Hd, He and Hf), this 
assignment is not represented in the spectra, but it is present in this region: 6.50–5-20 ppm. 
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Table 6.14 – Synthesis of (S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid (HA) conducted via scCO2 
at 275 bar and 95 ºC. a Monomer conversion was determined by NMR, by the ratio between the 
integrations of proton Hb (as monomer) and proton Ha; 

b these Mn values corresponds to the peaks with 
higher molecular weights, other peaks were detected in the GPC trace, due to the presence of oligomers. 

 
Entry Time Conversiona Mn

GPC (Da)b Đ Tg 

22 3 h 97% 7,700 > 2 -26 ºC 

23 6 h 97% 9,800 > 3 -20 ºC 

24 24 h 99% 63,000 > 3 -31 ºC 

After 3, 6 and 24 hours reaction, polymers with a molecular weight up to 7,700 

(Đ > 2), 9,800 (Đ > 2) and 63,000 (Đ > 3) were obtained (Table 6.14). The 

broad dispersity obtained in all these polymerisations was the result of the 

presence of a large portion oligomers (Figure 6.21). When comparing the 

polycondensations conducted in scCO2 and in the melt, the same trends are 

observed and the evolution of the Mn with increasing reaction time is very 

similar.  

As mentioned previously, in the melt condensation, at the last stage of the 

polycondensation reaction, a small change in the conversion will result in a 

large increase in the molecular weight of the polymer. According to Table 6.11, 

where it shows the prediction of HA polymer following Carothers’ equation, a 

99% conversion should result in a polymer with Mn
theo of 26,000 Da. However, 

a polymer with 99% conversion (as reported here and measured by NMR) and 

a molecular weight of 63,000 Da was obtained. Since monomer conversion is 

determined by NMR and its LOD is accurate to 1%, the conversion may not 

be entirely representative for this reaction. 
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Figure 6.21 – GPC traces of the HA polymers synthesised using Sn(Oct)2 at 95 ºC and 200 bar for 3 
and 24 hours (entries 22 and 24 from Table 6.14, respectively).  

With respect to the thermal properties, a lower Tg (-31 ºC) was obtained for 

the HA polymer when using scCO2 as reaction medium as compared to the 

melt polymerisation (-23 ºC, after 19h30m) after a reaction time of 24 h. Even 

though a low Tg was expected due to the polymer structure (presence of a 

pendant alkyl group), after 24 hours polycondensation with scCO2, a polymer 

with Mn up to 63,000 Da was obtained. This polymer has higher molecular 

weight than the polymer obtained in melt conditions (34,400 Da; Tg = -23 ºC). 

Hence, a higher Tg than -23 ºC was predicted but -31 ºC was obtained (Figure 

6.22). Normally, small molecules (e.g. oligomers) are efficient as plasticisers, 

having the ability in lowering the Tg of the host polymer.271-274 The HA polymer 

synthesised in scCO2 showed a broader dispersity (Đ > 3) than the HA 

polymer synthesised in the melt conditions (Đ > 2). The presence of more 

oligomeric chains might be the cause of this lower Tg. Nevertheless, the 

observed range of glass transition temperatures is in agreement with what has 

been published previously for similar polyesters.417-418  
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Figure 6.22 – DMA trace showing the Tg of the HA polymer obtained from entry 24, Table 6.14. 

 

6.5.2.1. Polycondensation of (12S,13S,Z)-12,13-

dihydroxyoctadec-9-enoic acid (DHA) 

The polymerisation of the DHA polymer was accomplished under similar 

conditions to the HA polymer (200 bar, 95 ºC with 1wt.% Sn(Oct)2) for 3, 6 and 

24 hours. The 1H-NMR spectra of the DHA polymers are shown below (Figure 

6.23).  

As mentioned previously, DHA is an AB2 type monomer which could lead to 

the formation of a branched polymer. After a reaction time of 6 hours, only 

oligomers were observed (Mn = 800 Da, Figure 6.23 A)). Nevertheless, after 

24h, a polymer with a molecular weight of up to 5,900 Da (Đ > 2) was obtained. 

From 1H-NMR analysis (Figure 6.23) it was possible to observe polymer 

formation by the broadening of the signals for the sample obtained after 24 

hours of polycondensation (Figure 6.23 B)). 
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Figure 6.23 – 1H-NMR spectra of DHA polymers catalysed with Sn(Oct)2, at 95 ºC and 200 bar for A) 6h 
and B) 24 hours (Table 6.15). The solvent used was chloroform-d1.  
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Table 6.15 – Synthesis of DHA polymers in scCO2 at 275 bar and 95 ºC. a the overlapping of the chemical 
shifts of protons Hd and Hc as a monomer and a terminal group of the polymeric chain makes impossible 
to measure the conversion; b these Mn values corresponds to the peaks with higher molecular weights, 
other peaks were detected in the GPC trace, due to the presence of oligomers; c determined by Frey’s 
equation (DBFrey= 2×B0

2×B0+B1
×100, B0 = branched structure, B1 = linear structure).  Note: nd. = not defined. 

 Entry Time Conversiona Mn
GPC (Da)b Đ DBc Tg 

25 3 h 

nd.a 

800 1.9 0% -37 ºC 

26 6 h 800 1.9 0% -32 ºC 

27 24 h 5,900 > 2 24% -30 ºC 

 

The degree of branching was calculated by integrating the 1H-NMR 

resonances corresponding to protons Hc and Hd from B0 ( ) and B1 ( and ) 

structures, and applying Frey’s equation (Equation 6.1). The chemical shifts 

used were the same as described previously for the polymerisation of DHA in 

the melt (see above). 

The formation of a branched polymer was only detected after a reaction time 

of 24 hours with a DB of 24% (Figure 6.23 B)), whilst the other products 

obtained after shorter reaction times, only oligomers were obtained with no 

branching pattern.  

The thermal properties of the DHA oligomers and polymer were determined 

by DMA (Figure 6.24). After 3h, 6h and 24h polycondensation, low Tg’s of -37, 

-32 and -30 ºC were obtained. A higher Tg was expected to obtain after 24h 

reactions, not only due to higher Mn (5,900 Da) but also because of DB (24%). 

This low Tg, obtained after 24h reaction, could be a result of the presence of 

oligomeric chains.  
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Figure 6.24 – DMA trace showing the Tg‘s of the DHA polymers obtained after 3 (green line), 6 (orange 
line) and 24 (black line) hours of polycondensation (Table 6.15).  

 

6.5.2.2. Polycondensation of dodec-2-ene-1,12-diol and azelaic 

acid 

The polycondensation of dodec-2-ene-1,12-diol (DED) with azelaic acid (AZ) 

was performed in scCO2, using 25 wt.%‡‡‡ CaLB in the presence of 25 wt.% 

molecular sieves at 35 ºC and 275 bar (Table 6.16). In contrast to the 

polycondensation in toluene (two-step procedure), the polymerisation using 

scCO2 is a one-pot reaction at a lower reaction temperature. In addition, the 

DED monomer used for the polycondensation reaction is pure, confirmed by 

the integration of proton Hf (Figure 6.26). The integration of proton Hf (4.09-

4.01 ppm) is 2.15, which corresponds to 2 protons. If there was a mixture, this 

peak would detect the presence of 6 protons and hence, the integration would 

be 6, as seen previously (Figure 6.17 and Figure 6.25).  

 

Figure 6.25 – Representation of the number of Hf protons of DED in the polymer backbone when in the 
presence of A) DED as mixture and B) DED pure. 
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After 24 hours, a polymer with 88% monomer conversion and a molecular 

weight of 2,300 Da (Đ > 2) was obtained. This corresponds to only half of the 

molecular weight obtained through melt condensation but may be the result of 

the lower temperatures of system, 35 ºC compared to the 100 ºC used 

previously. It is well known that increasing the reaction temperature will favour 

the synthesis of polymers with high molecular weight (in polycondensation 

reactions).409-412 Therefore, using a lower reaction temperature, obtaining a 

polymer with lower Mn was expected.  

Table 6.16 – Polycondensation of dodec-2-ene-1,12-diol (DED) with azelaic acid (AZ) in scCO2, at 275 
bar and 35 ºC. a The conversion was calculated through NMR, using the integration of proton Hf (of the 
monomer) against the integration of protons Hb and Hc; 

b these Mn values corresponds to the peaks with 
higher molecular weights, other peaks were detected in the GPC trace, due to the presence of oligomers. 

Entry Time Conversiona Mn
GPC (Da)b Đ Tg 

28 24 h 88% 2,300 > 2 -11 ºC 

 

Figure 6.26 – 1H-NMR spectra of the linear DED-AZ polymer (Table 6.16), catalysed with CaLB at 35 
ºC and 275 bar (24h reaction time). The solvent used was chloroform-d1. Note: u it is an unknown 
doublet peak. Note: the black protons letters are assigned to the monomer structures, and the green to 
the polymers. 

There are limited examples on the literature showing the synthesis of 

polyesters, via the polycondensation of a dicarboxylic acid and diol, at 

temperatures below 40 ºC. As an example, Iglesias, et al. 204 performed the 
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enzymatic (CaLB) polycondensation of glycerol and adipic acid (in dioxane) at 

30 ºC yielding a linear polyester after 72 hours with a molecular weight of 

1,400 Da (DP = 5). In this work, after 24 hours reaction under supercritical 

conditions, at 35 ºC, a polymer with 2,300 Da (DP = 7) was obtained. This 

corresponds to polymer with ~1,000 Da more in Mn than the one obtained by 

Iglesias, et al. 204, after 72 hours. Therefore, scCO2 plays a crucial role in the 

polymerisation of dicarboxylic acid and diols, via polycondensation.  

The thermal properties of the DED-AZ polymer were evaluated by DMA and 

a Tg of -11 ºC was determined, which is a similar result to the polymer obtained 

by the condensation in the presence of toluene (-5 ºC). Nevertheless, two 

other broad peaks were detected at around -40 ºC and at 93 ºC. The former 

one might be due to the presence of a small portion of low-molecular weight 

molecules which might act as plasticizers. The later one, might be a result of 

polymer degradation or the presence of an impurity in the sample. Additional 

analysis, such as TGA and optimisation of the DMA parameters, are required 

to understand the thermal properties of this polymer. 

 

Figure 6.27 – DMA trace showing the Tg of the DED-AZ polymer obtained from Table 6.16. 
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6.6. Conclusions 

This chapter demonstrates the polymerisation of the monomers synthesised 

from vernolic acid, which was isolated from the oil extracted from the Vernonia 

galamensis sp. seeds (Chapter 5). The main aim of this project was to 

establish the green synthesis of vernonia-based monomers to use as building 

blocks: (S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid (HA), (12S,13S,Z)-

12,13-dihydroxyoctadec-9-enoic acid (DHA), dodec-2-ene-1,12-diol (DED) 

and the commercially available azelaic acid (AZ). Therefore, two different 

approaches were used:  

a) The polymerisation reactions of HA and DHA monomers were 

conducted via melt condensation in the presence of Sn(Oct)2 (at 

140 ºC, for 19h30m) and Sc(OTf)3 (at 60 ºC, for 5h). The polymerisation 

of DED and AZ was accomplished via enzymatic (CaLB) 

polycondensation, in toluene (at 100 ºC, for 48h). 

b) Using scCO2, the polycondensation of HA and DHA was accomplished 

using Sn(Oct)2 at 95 ºC (for 3, 6 and 24h) and the enzymatic (CaLB) 

polycondensation between DED and AZ was accomplished at 35 ºC, 

for 24h. 

The HA melt polycondensation using the Stannous catalyst showed better 

results in comparison with the Scandium. Using Sn(Oct)2, after 4h30m, a 

polymer with 99% conversion and a molecular weight of 11,600 Da was 

obtained. Whilst with Sc(OTf)3, after 4h, a polymer with 90% conversion and 

a Mn of 7,800 Da was accomplished. The thermal properties of both polymers 

were similar (-23 and -27 ºC) although, due to the presence of oligomers in 

the polymeric samples, they may act as plasticisers lowering the Tg of the 

polymer. 

The same conclusions were obtained with regards the melt condensation of 

the DHA polymer using Sn(Oct)2 and Sc(OTf)3. After 4h30m, the former 

catalyst yielded a polymer with a molecular weight of 5,100 Da and with the 

later one, after 5h, a polymer with a Mn of 2,900 was obtained. In addition, 

having into consideration that DHA is a AB2-type monomer, a branched 
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polymer was expected to obtain. Nevertheless, using the Scandium catalyst, 

after 5h reaction no branching was detected while using the Stannous catalyst, 

after 4h30m reaction time, a DB of 40% was obtained. With regards the melt 

properties of these polymers, there are a few factors that might influence the 

Tg. If, from one hand, the presence of the alkyl chain would decrease the 

entanglement between the polymer chains (leading to a low glass transition), 

as a branched material, the entanglement should be high (leading to a higher 

glass transition). After DMA analysis, the polymer catalysed by Sn(Oct)2 

obtained a Tg of -23 ºC and the one catalysed by Sc(OTf)3, -38 ºC. Testud, et 

al. 389 studied the polycondensation of a similar monomer (DB = 41%, 7,600 

Da, Đ > 12) and a Tg of -22 ºC was obtained, which is in accordance with what 

was obtained in this Thesis. Therefore, the influence of the DB is visible since 

the polymer catalysed with the Scandium catalyst, where no branching was 

detected, a Tg of -38 ºC was obtained.  

The polycondensation between DED and AZ was achieved by using CaLB as 

a bio-catalyst, at 100 ºC in toluene. It was observed a possible deactivation of 

the enzyme, triggered by the reaction temperature since after 20 and 48h 

reaction (82 and 87% monomer conversion), polymers with a molecular 

weight of 4,800 and 5,500 Da were obtained, respectively. It is important to 

emphasised that this polymer had a mixture of two different diols. As 

mentioned in Chapter 5, the synthesis of DED monomer resulted in a mixture 

of dodecane-1,12-diol and dodec-2-ene-1,12-diol. Through NMR analysis it 

was possible to detected the presence of these two monomers in the polymer 

structure. Considering the thermal analysis, a higher Tg was predicted to 

obtain than HA and DHA because in the DED-AZ polymer, there is no 

presence of the pendant alkyl chain. A glass transition of -5 ºC was obtained, 

which confirmed our hypothesis.  

When using scCO2, the polycondensations of HA and DHA were catalysed 

using Sn(Oct)2 at 95 ºC and 200 bar, for 3, 6 and 24h. It was noticed that with 

increase of the reaction time there was an increase of the polymer Mn, which 

was expected. After 24 hours, a HA-polymer with a molecular weight of 63,000 

Da, with high dispersity (Đ > 3) was obtained. In addition, a DHA-polymer with 
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5,9000 Da was obtained after 24 hours. The thermal properties (Tg) of HA and 

DHA polymers synthesised in scCO2 agreed with the polymers synthesised in 

melt conditions.  

The scCO2 polycondensation of DED (pure) and AZ was accomplished at 

35 ºC and 275 bar. A polymer with 88% conversion and a molecular weight of 

2,300 Da (Đ > 2) was obtained after 24 hours’ reaction. Although a lower Mn 

was obtained in scCO2 than in toluene (5,100 Da, after 25 hours’ reaction), 

the reaction temperature in scCO2 was 35 ºC while in the solvent was at 

100 ºC. Using a lower reaction temperature might lead to lower molecular 

weight polymer. With regards to the thermal properties, a Tg of -11 ºC was 

obtained. 

Using scCO2 as reaction medium was revealed to be a good approach to 

polymerise vernonia-based monomers since lower temperatures were used. 

Dropping the polymerisation temperatures from 140 ºC to 95 ºC (for the 

synthesis of HA and DHA polymers) and 100 ºC to 35 ºC (for the synthesis of 

DED-AZ polymers) has a dramatic effect. Using lower temperatures would be 

more energetically sustainable than the melt synthesis or in toluene. 

Nevertheless, the major drawback of this process, is the need to use toxic 

solvent (THF), although in a small amount, to separate the polymer from the 

molecular sieves and/or the enzyme beads. 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 

7.1. Overview 

The final chapter reviews the general conclusions obtained from the research 

presented in this Thesis. Additionally, this chapter also discusses the possible 

future research that could be carried out for the continuation of the work.  

7.2. Conclusions 

The main focus of this Thesis has been to synthesise polyesters using 

renewable resources and green methodologies, targeting mild conditions and 

energy saving approaches that exploit supercritical carbon dioxide (scCO2).  

7.2.1. The glycerol opportunity 

Generally, the synthesis of linear polyesters from multifunctional monomers 

(e.g. polyols, An-type monomers, where n > 2) is achieved by applying 

elaborate protection-deprotection steps, to avoid undesirable reaction of 

hydroxy functional groups. In addition, the synthesis of polymers from glycerol 

and diacid, e.g. poly(glycerol succinate) (PGLSA), would be normally 

conducted at high temperatures (> 150 ºC) due to the high melting points of 

diacids and the increase in viscosity during polymerisation. In this Thesis, the 

synthesis of linear PGLSA was surprisingly accomplished by using CaLB as 

the biocatalyst at low temperatures (Chapter 3). Several techniques were 

employed to determine and confirm the structure of PGLSA, such as MALDI-

TOF and 2D-NMR. When synthesising PGLSA in the melt, at 120-140 ºC, in 

the absence of a catalyst or in the presence of a stannous(II) octanoate 

(Sn(Oct)2), branched polymers with degrees of branching (DB) in the range 

17% to 87%, and molecular weights (Mn) in the range of 3,900 Da < Mn < 

11,400 Da were obtained. The topology of PGLSA can be controlled by the 

monomers ratios but normally an excess of succinic acid results in a polymer 

with a higher DB. To avoid branching/crosslinking, CaLB was used as 

biocatalyst. The enzymatic polycondensations in the bulk and in toluene, at 
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high temperatures (110 ºC) and with an excess of succinic acid utilised the 

ability of CaLB to be regioselective to primary alcohols. Therefore, PGLSA 

with low DBs in the range 9% to 13% with a range of molecular weights of 

1,800 < Mn < 14,500 Da were obtained.  

However, enzymatic polycondensations in the melt, or in toluene, still require 

high temperatures. Therefore, the unique properties of scCO2 were exploited 

to accomplish enzymatic polycondensations of glycerol and succinic acid at 

much milder conditions. Linear PGLSA was obtained at temperatures as low 

as 40 ºC at 275 bar, with a range of molecular weights of 1,100 Da < Mn < 

3,500 Da and a range of DBs of 3% < DB < 13%. These results highlight the 

substantial advantages of using scCO2 as the reaction medium, to synthesise 

linear PGLSA in the presence of CaLB. The decrease in polymerisation 

temperature from 140 ºC to 40 ºC is energetically more sustainable than a 

conventional melt synthesis and the production of linear polymers could open 

up new applications.  

This methodology was then used to synthesise bio-based surfactants based 

on glycerol and succinic acid, which were end-capped with lauric acid (LA) or 

poly(ethylene glycol) (PEG), under mild reaction conditions (Chapter 4). The 

enzymatic polymerisations were carried out at 275 bar at a range of 

temperatures 40-60 ºC. For the synthesis of PGLSA end-capped with LA (LA-

PGLSA), polymers with a Mn of 1,800 Da were obtained (DB < 12%), whilst 

PGLSA end-capped with PEG (PEG-PGLSA) showed  Mn of ~ 2,000 Da (DB 

< 13%). These water soluble polyesters were evaluated against commercially 

available surfactants (TweenTM 20 and NatraGemTM E145). The PGLSA-

based compounds reduced the surface tension of water to as low as 23 mN/m. 

In addition, these compounds self-assemble and form aggregates in the size 

range 178-621 nm, at low concentrations (0.02-0.08 wt.%). These results are 

comparable with the TweenTM 20 and NatraGemTM E145 revealing that these 

new PGLSA-based surfactants show promise as potential surfactants in 

cosmetic applications. The synthesis of biodegradable and biorenewable 

PGLSA-based surfactants (Figure 7.1) at mild conditions, could open up 
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possibilities for promising surface-active agents for the next generation of bio-

based products.  

 

 

Figure 7.1 – Schematic representation of the glycerol opportunity to synthesise biorenewable and 
biodegradable surfactants for use in personal care products. Note:  = glycerol,  = succinic acid,  = 
lauric acid and  = poly(ethylene glycol).  

7.2.2. The ironweed opportunity 

The second part of this Thesis focussed upon the potential use of the naturally 

occurring epoxidised oil from the non-commercial Ethiopian ironweed 

(Vernonia galamensis sp.). The main aim was to convert these seed oil into 

new polyesters, using alternative and green methodologies (Figure 7.2).  

 

 

Figure 7.2 – Schematic representation of ironweed (Vernonia galamensis sp.) opportunity to synthesised 
biorenewable polyesters. Note:  = 13-hydroxyoctadeca-9,11-dienoic acid monomer (HA, allylic 
alcohol),  = 12,13-dihydroxyoctadec-9-enoic acid monomer (DHA, dihydroxy acid),  = dodec-2-ene-
1,12-diol (DED, diol) and  = azelaic acid (AZ). 

The extraction of the vernonia oil (VO) from ironweed seeds, was 

accomplished by using scCO2 (Chapter 5). The extraction of VO using scCO2 
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was compared to the extraction using n-hexane. An extraction efficiency of 

80% was obtained at 450 bar and 60 ºC, after ~ 4 hours, in scCO2 and the 

extracted oil had fewer impurities as compared to the oil extracted with n-

hexane (at 80 ºC, after ~ 9 hours). Therefore, no additional oil treatment steps 

were required after extraction with scCO2. The extraction with n-hexane, 

required several additional steps, such as bleaching, degumming and 

neutralisation to obtain pure VO.  

The hydrolysis of VO, and the subsequent VA isolation, yielded 90% pure VA. 

The epoxy groups and double bonds from this fatty acid offer great 

opportunities for modification into new building blocks. Hence, taking the 

advantage of these functional groups, VA was converted into four monomers. 

From the synthesised monomers, hydroxy acid (HA), dihydroxy acid (DHA) 

and diol (DED) were used to synthesise new polyesters (Chapter 6). Firstly, 

the polycondensation reactions of HA and DHA were conducted via melt 

polymerisation, at 140 ºC using 1 wt.% Sn(Oct)2 as catalyst. Polymers with Mn 

up to 34,400 and 7,900 Da, respectively, were obtained. It is important to note 

that DHA is a AB2-type monomer, and its polymerisation can result in 

branched polymers. Indeed, a polymer with a degree of branching (DB) of 

49% was obtained after 20 hours reaction. The polymerisation of DED with 

azelaic acid, which is a commercially available diacid, was performed in the 

presence of toluene at 100 ºC, using CaLB as biocatalyst. After 48 hours 

reaction, a polyester with a molecular weight of 5,500 Da was obtained. These 

methods all required high temperatures. However, when using scCO2 as the 

reaction medium, a decrease in reaction temperature was possible for all the 

monomers. The polycondensation of HA and DHA was achieved at 95 ºC and 

200 bar. Polymers with Mn up to 63,000 and 5,900 Da were obtained after 

24 hours reaction. For DED-AZ, a polymer with a molecular weight of 2,300 

Da was accomplished at 35 ºC and 275 bar, after 24 hours reaction.  

Using scCO2 as an extraction medium and then a reaction medium to 

synthesise new polyesters has been showed to be beneficial. Reducing the 

extraction temperatures from ~ 80 º to 60 ºC and the polymerisation 

temperatures from 140 º to 95 ºC or from 100 º to 35 ºC could have a strong 
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effect on the energy efficiency of a future process. The potential financial and 

sustainable outcome could make vernonia-based polyester interesting 

candidates for the next generation of bio-based polymers. 

7.3. Future work 

Throughout this Thesis, green methodologies to synthesise biorenewable 

polyesters were described. However, there are a few areas in which further 

work is required, such as additional investigations of the polymer properties 

using more characterisation techniques and the optimisation of the 

polycondensation procedures. 

With respect to the PGLSA synthesis in scCO2 (Chapter 3), further 

investigations to fully understand the effect of monomer ratios (Gly:SA) and 

the reaction temperature on molecular weight in the polymer synthesis are 

needed. From the enzymatic polycondensation of PGLSA in scCO2, using 

different temperatures (40 º – 60 ºC) and monomers ratio (1:1, 1:2 and 2:1), 

polymers with molecular weights from 1,100 to 3,500 Da were obtained. 

However, the effect of monomers ratio and temperature on the Mn was not 

clear. Hence, these reactions require further exploration to validate the effect 

of temperature and monomers ratio on the Mn of the synthesised polyesters. 

Furthermore, different diacids could be investigated (such as azelaic acid 

which is potentially bio-based), to understand if the length of the diacid would 

lead to the formation of polymers with different thermal properties and hence, 

different applications. Although PGLSA polymers have been demonstrated to 

be biodegradable by other authors,154 it would of great interest to determine 

the rate of biodegradability of the PGLSA synthesised in scCO2.  

The green synthesis of linear PGLSA was employed to create surface active 

compounds (Chapter 4). Further investigations are required to fully 

understand the effect of the polymerisation temperature.  

An in-depth investigation into the self-assembly of PGLSA-based surfactants 

would be desirable. For example, TEM analysis could be used to determine 

the shape of the self-assembled structures and the influence of concentration 

on the size/shape of the self-assembled structure.  
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The use of Vernonia galamensis sp. to synthesise green polymers, especially 

in scCO2, showed promising results (Chapter 6). The presence of the double 

bond and epoxy group in vernolic acid (VA) offers great opportunities for the 

synthesis of new building blocks for polycondensation reactions. Some 

potential structures are outlined below (Figure 7.3).   

 

Figure 7.3 – Schematic representation of possible new building blocks, synthesised from vernolic acid. 
Note: the green building blocks are the ones already synthesised in this Thesis, whilst the black boxes 
are the proposed new monomers.  

In this Thesis, the assessment of the vernonia-based polymers by MALDI 

technique was not possible, due to poor ionisation of the samples. Hence, it 

would be ideal optimise the MALDI parameters. From these results, it could 

then be determined whether the formation of cyclic structures had occurred; 

an undesirable, yet common, side-reaction in polycondensations. It would be 

also possible to confirm the presence of branched structures of DHA-polymer. 

In addition, the degradation of these polymers should be investigated to 

determine the environmental impact of these polyesters.   

Another important aspect to consider is the general synthesis of polyesters in 

scCO2 in Chapter 3, 4 and 6. As mentioned previously, water is a by-product 

from the polycondensation of diols with diacids, or from the self-condensation 

of hydroxy and dihydroxy acids. Hence, molecular sieves were required to trap 

the by-product and separation of molecular sieves (and enzyme beads) from 

the polymer could only be accomplished through the use of a small amount of 

THF. Ideally, a route should be developed using only scCO2 to enable 

separations of the polymeric products, molecular sieves, enzyme beads and 

recycling of the enzyme.  
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To sum up, this Thesis has open up significant potential for the extraction of 

oil and synthesis of new polyesters at lower temperatures, combined with 

CaLB and all achieved using scCO2. The key question now is to determine if 

this might lead to a commercially viable process. 
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CHAPTER 9. APPENDIX 

 

Figure A 1 – 1H-NMR spectrum of LA-PGLSA from entries 2 of Table 4.3 and Table 4.4. The solvent 
used was acetone-d6. Integrals of the peaks of Ha (0.88 ppm, terminal methyl group from LA), and He 
(3.50-3.72 ppm), Hf (3.83 ppm) and Hc (2.58-2.69 ppm) (backbone of PGLSA) can be used to estimate 
the average molecular weight of the polymer. The peak at 1.29ppm, Hb, is assigned to the –CH2– in the 
LA chain, while peaks at 1.59 and 2.31 ppm, Hc and Hd, are assigned to the –CH2– close to the carboxy 
group of LA (–CH2–CH2–COO–). Note: � is an unknown peak; the schematic representations shown in 
the highlighted region (5.4-4.8 ppm) corresponds to the branched, linear and terminal glycerol units as 

follow:  = linear glycerol unit; in this case, the polymerisation occurred in positions e,  = linear 

glycerol unit; in this case, the polymerisation occurred in positions e (right) and f,  = terminal glycerol 

in the polymer backbone, leaving the hydroxy groups e free,  = trisubstituted glycerol unit in the 
branched polymer backbone. 
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Figure A 2 – 1H-NMR spectrum of LA-PGLSA from entries 3 of Table 4.3 and Table 4.4. The solvent 
used was acetone-d6. Integrals of the peaks of Ha (0.88 ppm, terminal methyl group from LA), and He 
(3.50-3.72 ppm), Hf (3.83 ppm) and Hc (2.58-2.69 ppm) (backbone of PGLSA) can be used to estimate 
the average molecular weight of the polymer. The peak at 1.29ppm, Hb, is assigned to the –CH2– in the 
LA chain, while peaks at 1.59 and 2.31 ppm, Hc and Hd, are assigned to the –CH2– close to the carboxy 
group of LA (–CH2–CH2–COO–). Note: � is an unknown peak; the schematic representations shown in 
the highlighted region (5.4-4.8 ppm) corresponds to the branched, linear and terminal glycerol units as 

follow:  = linear glycerol unit; in this case, the polymerisation occurred in positions e,  = linear 

glycerol unit; in this case, the polymerisation occurred in positions e (right) and f,  = terminal glycerol 

in the polymer backbone, leaving the hydroxy groups e free,  = trisubstituted glycerol unit in the 
branched polymer backbone. 
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Figure A 3 – 1H-NMR spectrum of M-PEG with a molecular weight of 350 Da. The solvent used was 
acetone-d6. 

 

Figure A 4 – Section of the 1H-NMR spectrum of M-PEG350 Da and glycerol. The solvent used was 
acetone-d6. 
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Figure A 5 – 1H-NMR spectrum of PEG-PGLSA from entries 5 of Table 4.3 and Table 4.4. The solvent 
used was acetone-d6. Integrals of the peaks of Ha (3.29 ppm, terminal methyl group from M-PEG), and 
He (3.50-3.72 ppm), Hf (3.83 ppm) and Hd (2.58-2.69 ppm) (backbone of PGLSA) can be used to 
estimate the average molecular weight of the polymer. The protons Hb, from the M-PEG backbone, are 
overlapped with the –CH2– protons from the glycerol unit. Note: the schematic representations shown 
in the highlighted region (5.4-4.8 ppm) correspond to the branched, linear and terminal glycerol units as 

follows:  = linear glycerol unit; in this case, the polymerisation occurred in positions e,  = linear 

glycerol unit; in this case, the polymerisation occurred in positions e (right) and f,  = terminal glycerol 

in the polymer backbone, leaving the hydroxy groups e free,  = trisubstituted glycerol unit in the 
branched polymer backbone; 
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Figure A 6 – Bubble Tensiometer determination of dynamic surface tension at increasing bubble 
lifetimes for LA-PGLSA (0.5 wt.%) synthesised at different temperatures (40, 50 and 60 ºC, green 
symbols) and PEG-PGLSA (0.5 wt.%) synthesised at different temperatures (40, 50 and 60 ºC, black 
symbols). 
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Figure A 7 – Bubble Tensiometer determination of dynamic surface tension at increasing bubble 
lifetimes for LA-PGLSA (0.1 wt.%) synthesised at different temperatures (40, 50 and 60 ºC, green 
symbols) and PEG-PGLSA (0.1 wt.%) synthesised at different temperatures (40, 50 and 60 ºC, black 
symbols). 
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Figure A 8 – Surface tension measurements of NatraGemTM E145 and TweenTM 20 at several 
concentrations. 

 

Figure A 9 – Surface tension measurements of LA-PEG synthesised at 40, 50 and 60 ºC at several 
concentrations.  
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Figure A 10 – Surface tension measurements of PEG-PEG synthesised at 40, 50 and 60 ºC at several 
concentrations. 
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Figure A 11 –  Section of the COSY-NMR spectrum of linear DED-AZ polymer (entries 21 from Table 
6.13), catalysed with CaLB at 100 ºC (48h reaction time). The solvent used was chloroform-d1. Note: u 
it is an unknown doublet peak; the black protons letters are assigned to the monomer structures, and 
the green to the polymers. 
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Figure A 12 – Section of the COSY-NMR spectrum showing the assignments for the DHA polymer. The 

solvent used was chloroform-d1. Note:  this symbol denotes that proton Hc and Hd is present in a 

branched structure;  this symbol denotes for a linear structure and the polymerisation occurred in the 
positions Hc;  this symbol denotes for a linear structure and the polymerisation occurred in the positions 
Hd;  this symbol denotes a terminal unit of the dihydroxy acid; the blue dot represents an unreacted 
hydroxy group.  
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