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Abstract 
Det är ingen ide att försöka markera. Kommer bara att vara XXXXXXXXXXXXXXXXXXX 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX The possibility of synthesizing 

renewable UV-curable coatings from Acid A and Alcohol A, combined with various other 

monomers, will be examined. The XXXXXxX monomers included are Alcohol B, Alcohol C, 

Alcohol D, Alcohol E, Cyclic ester A, Acid B, Acid C and Acid D. Two catalysts, stannous 

octoate and butylstannoic acid, were tested for their possibility of catalyzing esterification 

and opening of the xxxxxx xxx. A total of 22 polyester resins were synthesized and analyzed 

with respect to acid number, average molecular weight (size exclusion chromatography, 

SEC), Gardner color index and structural composition (nuclear magnetic resonance 

spectroscopy, NMR). The coatings were formulated with UV-initiator and wetting agent and 

cured with UV-light. Coatings were evaluated with respect to pendulum hardness, flexibility 

and chemical resistance. 

It was possible to synthesize polyesters based on these xxxxxxxxx monomers. xXxxxxxx 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx. Xxxxxxxxxx 

monomers, such as Alcohol E, showed best overall performance in pendulum hardness and 

flexibility testing and the polyester comprised of only Acid A and Alcohol B had the best 

chemical resistance.  

  



 
 

Nomenclature 
XXXX – Xxxxxx X 
XXXX – Xxxxxxx X 
AN – Acid number 
XX – Xxxxxxx Xxxxx 
Xxxx – Xxxxx Xxxx 
DB – Double bond 
XXX – Alcohol E 
Acid A – Xxxxxxxx Xxx 
XX – Alcohol C 
XX – Xxxxxx Xxxx 
Xxx – Xxxxx xxx xxxxxx 
Xxx – Alcohol D 
XX – Xxxxxxxxxx xXxxx 
NMR – Nuclear magnetic resonance 
Xxxx – Xxxxxxxx Xxxxx 
PE – Polyester 
ALCOHOL F – Alcohol F 
PTSA – p-Toluene sulfonic acid 
Xxx – Acid B 
Xxxx – Xxxxxxxxxxx 
SEC – Size exclusion chromatography 
Sn(Oct)2 – Stannous octoate 
THF – Tetrahydrofuran 
UPE – Unsaturated Polyester 
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1 Aim of study 
The purpose of this study was to develop UV-curable polyesters xxxxx xx xxx xxxxxxxxx 

xxxxx xxxxxxxx xxxxxxxx. Different xxxxxxxxx dicarboxylic acids and diols were used as 

building blocks for synthesis of polyesters. The aim was to determine if synthesis and curing 

is possible and what effects different components have on the xxxxxxxxxx xx xxxxxxxx and 

final properties of the coating. xxxxx -xxxxx xxxx Xxxxxxxx xxxxxxxxx, xxxxx xxxxxx xxxxxxx 

xx xxxxxxxxx xxxxxxx-xxxxx xxxxxxxx. Diacids and diols evaluated include; Acid A, Acid B, 

Acid C, Acid D, Alcohol A, Alcohol B, Alcohol C, Alchol D, Alcohol E and Cyclic ester A, all in 

varying compositions. The synthesized polyesters will be characterized with respect to acid 

number, viscosity, Gardner color index, molar mass distribution (SEC) and structural 

composition (NMR). The performance of the coatings (flexibility, hardness and chemical 

resistance), after formulation and UV-curing, will be evaluated. 
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2 Introduction 

2.1 Polyesters 

Polymers with ester functionality in the backbone are polyesters. These can be synthesized 

through step-wise polymerization by condensation reactions, either through condensing 

dialcohols and diacids, in AA + BB systems, or by direct condensation of hydroxy acid 

monomers, such as in AB systems. Polycondensation reactions are reversible and the 

equilibrium is usually controlled by the removal of water from the system. 

 

Scheme 1 – Schematic reaction of AA+BB and AB systems. 

Polymers formed by this method generally do not have very high molecular weight when 

compared to chain-growth or ring-opening polymerization, even at high conversions. 

Polymerization can be described by Carothers’ equation, which shows �̅�𝑛-values of 100 at 

99% conversion, but reactions are usually run until even higher conversions. 

�̅�𝑛 =
1

1 − 𝑝
 

Equation 1 – Carothers’ equation for step-wise polymerization, where �̅�𝒏 is the number-average value of 
the degree of polymerization and p is the conversion to polymer. 

Radical polymerization is currently the most used method for creating polymers. About 45% 

of all manufactured plastics and 40% of all synthetic rubbers today are obtained from radical 

polymerization. (Braun, 2009) This technique may not only be used to create new polymers 

but also to cross-link polymers with an inherent functionality. Polymers with double bonds 

and sometimes other functionalities in its inherent structure are possible to cure, creating a 

network of chain linkages that alter and improve the properties of the material. Commonly, 

this results in a decrease in ductility and recyclability of the material, while the strength, 

chemical resistance and heat resistance increases. 

2.1.1 Monomers 

The building blocks of condensation polymerization for polyester synthesis have either both 

or one of hydroxyl and carboxylic acid functionalities. The schematic structure of each type is 

shown in Figure 1. 

 

Figure 1 – Building blocks for condensation polymerization. 

The structure of the R-groups determines the properties of the final polyester.  
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2.1.1.1 Dialcohols 

Dialcohols, or diols, are molecules with two hydroxyl groups attached. They are central to 

the polycondensation of polyesters, in AA+BB systems. Diols react as alcohols, by 

esterification or ether formation. An assortment of common diols for polyester synthesis is 

shown in Figure 2. 

 

Figure 2 – Commonly used diols in polyester synthesis. 

2.1.1.2 Dicarboxylic acids 

Dicarboxylic acids, or diacids, are molecules with two carboxylic acid groups. When coupled 

with diols, they are central to the AA+BB systems of polycondensation. Dicarboxylic acids 

behave similar to monocarboxylic acids, with the second acid group showing slower 

ionization since anions require more energy to be deprotonated than neutral molecules. 

Some of the most common diacids are shown in Figure 3. 
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Figure 3 – Commonly used diacids in polyester synthesis. 

2.1.1.3 Unsaturated dicarboxylic acids and anhydrides 

An unsaturated compound is in organic chemistry a molecule with at least one carbon-

carbon double, or triple, bond. In hydrocarbons this allows for more reactive behavior as well 

as it inhibits rotation, giving rise to diastereomers. Backbone unsaturations in polyesters are 

employed to react linear polyesters into three-dimensional networks by radical 

polymerization. Either double-bonds are introduced by end-capping the polymer or they are 

incorporated into the reacting monomers. Commonly used monomers with inherent double 

bond functionality are shown in Figure 4. 

 

Figure 4 – Commonly used unsaturated monomers for unsaturated polyester (UPE) synthesis. 

Upon introducing radicals to the system, a cross-linking reaction is initiated and continues to 

cure the material until there are no double-bonds left or termination reactions of the radical 
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species take over. Photoinitiator compounds that are sensitive to UV-light may be used, 

decomposing to radical species upon absorbing ultraviolet light. 

2.1.1.4 Xxxxxx 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in voluptate velit 

esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, 

sunt in culpa qui officia deserunt mollit anim id est laborum. 

2.1.1.5 Polyfunctional monomers 

A polyfunctional monomer has a functionality higher than 2. There can be polyols, polyacids 

or a mixture, such as AB2- monomers. The latter can be used for making polyesters 

dispersible in water and to form hyperbranched polymers. They can be used to create a 

partially cross-linked material or, if concentrations are high enough, fully cure the material to 

a thermoset. Commonly used polyfunctional monomers are shown in Figure 5. 

 

Figure 5 – Examples of polyfunctional monomers for polyester synthesis. 

2.2 Side reactions during polyester synthesis 

The synthesis of polyesters is dependent on a number of factors, such as reaction 

temperature, reactivity of the monomers, acidity of the mixture and water removal, thus the 

inert gas flow and pressure. Side reactions are possible and the most important ones are 

listed below. 

2.2.1 Transesterification 

The polycondensation reaction is accompanied by the transesterification reaction, which is 

an acidolysis or alcoholysis by the monomers or chain ends, resulting in a redistribution of 

molecular mass. A general reaction can be seen in Scheme 2. Extensive transesterification 

would approach a statistical distribution of molecular weight, a Gaussian distribution. 
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Scheme 2 – Example of transesterification by alcoholysis. 

2.2.2 Etherification 

Two hydroxyl groups may react together to form ether linkages, shifting the stoichiometric 

balance and changing the end composition of the polyester slightly. Scheme 3 shows a 

general reaction. If the hydroxyl groups are located on a side chain, this would lead to extra 

branching, and possibly cross-linking, of the polymer. This reaction occurs at elevated 

temperatures, typically around 150°C and higher, or with the help of catalysts, such as 

Zeolite BEA (beta polymorph A). Xxx xxx xxxxx xxxxx xxx xxxXXxxxx xxx 

 

Scheme 3 – Etherification of two hydroxyl groups to form an ether bond. 

2.2.2.1 α-Diol dehydration 

Some of the diols used in synthesis of polyester resins may undergo dehydration to form 

volatile substances, such as the THF from 1,4-butanediol or propanal from 1,2-propanediol. 

Scheme 4 shows a possible pathway to form propanal from 1,2-propanediol. The reaction 

stoichiometry is thereby modified and molecular structure of the diol may change. XXXXxX 

xxxxxx xxx 

 

Scheme 4 – Schematic view of 1,2-propanediol dehydrated into propanal. 
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A study by XXXxxxxxxxxx showed that dehydration of 1,4-butanediol without catalyst is 

possible in superheated water at 200°C and increasing acidity increased the reaction rate, 

presumably due to protonation of the leaving group, thus making it more readily expunged. A 

graph detailing a much longer test is shown in Figure 6. 

 

Figure 6 – Conversion of 1,4-butanediol to THF in 200°C superheated water. Illustration from Xxxx xxxxxx. 

2.2.3 Double bond saturation 

The unsaturation in maleic acid is susceptible to double-bond saturation reactions (Ordelt 

reaction) from either diol or monoester, resulting in an addition of hydroxyl groups via 

electrophilic addition from glycol. X xxxxxxxx xxxxxxxx xxx xxx xxxxxxxx xxxx xxxx xx xx 

xxxxxx xx xxxxxxx xx. It was discovered by Ordelt et al. (1968) and further studied by Fradet 

and Marechal (1982) who showed that it can be an acid catalyzed reaction when studying 

the formation of diesters from unsaturated dicarboxylic acids and propylene glycol.  As such, 

the carboxylic acid can act as a catalyst itself. The Ordelt reaction has been studied with 

respect to the maleic-fumaric acid isomerization process. It has been shown that the Ordelt 

reaction occurs during the isomerization process and only occurs when the diol consists of 

more than two carbons. Monoesters can also saturate the double bond, but the hydroxyl 

group of the monoesters is less reactive. Xxxx,xxxx Kinetic models for polyesterification and 

side reactions have been studied since. Xxxx xxxx xxxxxXxxx xxx xxxxxX XXxxxxx xxx X 

xxxxxxxx xx xxxxxxxxx xxxxxxx xxx xxxxxxxxx xx xx xxxxxx xxxxx xxx XXxx X. Xxxxx X xxx 

xxx Xxxxxxx xxx xxxxxxxx xxx XxxxX xxxx xxxxxxxx xxx xxxx xxxxxxXxxxx xxxx xxxx xxxxx 

xxxx xxxxxXxxxxx. 
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Scheme 5 – Xxxxx xXxxx xxx xxxxx Xxxxxxxxxx 

Double bond saturation would lead to increased branching and reduced double bond 

concentration in subsequent curing stages. This Ordelt side reaction is a Michael addition of 

a diol onto the unsaturated acid. Xxxxx xxxxx 

2.2.4 Xxxxxxxxxxx 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat. 

2.2.4.1 Xxxxxxx xxx xxxxx 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in voluptate velit 

esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, 

sunt in culpa qui officia deserunt mollit anim id est laborum. Lorem ipsum dolor sit amet, 

consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore magna 

aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut aliquip ex 

ea commodo consequat. 
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Scheme 6 – Xxxxxx x xxx xxx 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat. 

 

Scheme 7 – Xxxxxx xxxxxxx xxxxxxx xxxxxxxxxxxx xxxx 

2.3 Adhesion 

Adhesion is a complex field with both chemical and mechanical interactions. The adhesion 

depends both on the adhesive and the substrate. The choice of material for the substrate will 

influence the adhesion. Glass is a non-porous inert material with little chemical and 

mechanical foothold. Adhesion can be improved by roughening the surface with sand paper, 

but this may be inappropriate for certain applications due to the light scattering it imposes. 

Metal is a non-porous but reactive material, where cleaning is more important to remove 
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significant corrosion and grease. The metal panels used for testing are often coated for 

protection and coatability.  

Several different adhesion mechanisms are active simultaneously in any given case. The 

main mechanisms and theories of adhesion are listed below. 

2.3.1 Mechanical adhesion 

Cavities and pores on the substrate will have polymer chains diffuse into and mechanically 

interlock the coating in place. 

2.3.2 Dispersive adhesion 

Dispersive, or adsorptive, adhesion is arguably the most important mechanism and involves 

surface forces and intermolecular forces. The forces include London, Keesom, Debye and 

hydrogen forces. To facilitate these forces, good wetting is required to ensure intimate 

contact and thus the critical wetting tension of the substrate must be higher than the liquid 

surface tension of the adhesive. Xxxx xxxxxxx Roughness in the 1-2 µm scale can increase 

adhesion due to increased surface area, whereas larger roughness would disrupt the wetting. 

Xxxx xxxxxx 

2.3.3 Diffusive adhesion 

Interdiffusion can occur between two materials have polymeric chains that diffuse into each 

other and creates attraction forces, dependent on a number of factors. This is only prominent 

when both adhesive and adherent are polymeric materials, soluble, amorphous and above 

the glass transition temperature. Xxxxxxxxxx 

2.3.4 Electrostatic adhesion 

Conductive materials may pass electrons in order to create a charge differential over the 

contact area of the surfaces. This creates an electrostatic attraction force between the 

materials.  

2.3.5 Chemical adhesion 

Chemisorption is where chemical bonds may be formed between the materials. These 

stronger joints include ionic and covalent bonds, where electrons are swapped or shared. 

This requires very close distances between the materials, less than a nanometer, and thus 

makes the bonds fairly brittle.Xxxx xXxxx Often, coupling agents and promoters help with the 

chemical reactions. 

2.4 UV-curing 

Polyesters having double bonds in the structure can be cross-linked through radical 

polymerization. An initiator is decomposed into radical-containing molecules which may 

initiate the radical polymerization. An example of a photoinitiator and its decomposition 

products is shown in Scheme 8. The compound shown below has absorption peaks at 

wavelengths 246 nm, 280 nm and 333 nm. 
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Scheme 8 – Structure of Irgacure 184 and the radicals formed after UV-exposure. 

The material is cured to achieve improved material properties. Cross-linking may occur 

either with or without the use of a crosslinking agent that increases the length of the bridges 

between the chains; styrene is commonly used industrially. 

2.4.1 Benefits and limitations of UV-curing 

UV-curing technology offers several advantages compared to conventional heat induced 

curing, namely, VOC-emissions are reduced, long thermal drying tunnels are unnecessary, 

curing speeds are increased, the ability to cure heat-sensitive substrates safely increases 

and performance improvements, such as enhanced scratch resistance, are gained. Xxxx 

xxxxxxx xxxx  

2.4.2 Film thickness 

The conversion during UV-curing is dependent on the film thickness. The top layer of the film 

is most susceptible to oxygen diffusion, producing a constant renewal of oxygen at the 

surface. This will inhibit the curing reaction and may cause insufficient curing/residual 

unsaturation, which would create a disparity in the material. This problem is more 

pronounced in a thin film, and can be overcome by increasing the radical concentration. 

Xxxxx xxx 

Light penetration into the film depends on the optical density, i.e. radical concentration and 

specific wavelength absorption. If the radical concentration is too high, nearly all light will be 

absorbed by the top layer due to the photolysis products, polymer chains or impurities 

absorbing photons. To counteract this, a mixture of photoinitiators absorbing at different 

wavelengths can be used and reducing the overall concentration of radicals. Xxxx xXxx 

xxxxxxxxx xxx 

During the UV-curing, awareness of the film thickness and concentration of radicals is 

important. To ensure that the whole material is sufficiently cured, the concentration of 

radicals cannot be too high, so that only the outermost surface is cured and UV-light is 

blocked from reaching the core of the film. However, this property is in contrast to prevention 

against oxygen inhibition, which is supported by an excess of radicals. To ensure an even 

curing, two different sets of initiators absorbing different wavelengths can be used, where 

one supports the throughput of the curing reaction and one combats the oxygen inhibition. 

2.4.3 Photoinitiators 

Photoinitiators decompose into radicals when exposed to light, usually high energy 

ultraviolet light. These are used to initiate the thermosetting reaction in UV-curable polyester 

resin synthesis. Suggested pathway and example bond are shown in Scheme 9. 
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Scheme 9 – Pathway of curing reaction, example with polyester based on fumaric acid and neopentyl 
glycol. 

2.5 Applications 

The major application categories for unsaturated polyesters are gel coats, marine, 

construction and transport industries.Xxxx xxxxx xx Due to the specific needs of each 

industry, and sub industry; the resins are tailored to fit specialized needs. The applications 

are thus wide-ranged from buttons to bridges. However, a few main areas are coatings, hulls 

and decks, UV-performance plastics, bulk molding compounds, truck bodies, tubs and 

showers, panels, tanks and pipes. Xxxxx xxxxxxxx xxx. Recently, also biomedical 

applications, specifically drug delivery systems, have emerged. Xxxx xxxxx xxx 

2.6 UV-curable materials from renewable resources today 

Recent years have seen a great increase in the demand for renewable products in the 

industry, to improve waste disposal, reduce the depletion of non-renewable resources and 

reduce overall environmental impact Xxxx xxxxxxx. Thermosetting resins are widely used 

today because of their high modulus, strength, durability and both thermal and chemical 
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resistance as provided by the high degree of cross-linking. Today, several routes and 

aspects are explored to find renewable materials.  

Plant oils are considered to be very important in unlocking how to make bio-based 

thermosetting materials. Triglycerides with unsaturations along the three hydrocarbon chains 

make them suitable for curing reactions. However, the degree of unsaturation remains a key 

parameter. The internal double bonds of vegetable oils have low reactivity and modification 

is often required to achieve sufficiently cured network. Xxxxx xxxxxxxx.The use of lipids in 

coating and paint industries usually requires a so called drying oil, where the iodine value 

(measurement of the degree of unsaturation) is higher than 140. The composition of fatty 

acids from plants is specific to the species and varies over the year. The degree of 

unsaturation and length of the fatty chains thus varies, and well defined polymers can only 

be constructed from pure monomers. Xxxxxx, Xxxx xxxx xxx xxxxxxxxxxxx  xxx xxxxxx xxx 

xxxxxxx xxxxx xxxxxxxxxxxxx xxxxxxxxxxx xxxx xxxxxxxxxxxxx xxxxxxxxxxxxxxx xxxxx 

xxxxx xxx xxxxxxxxxxx xxxxxxxxxx xxxx xxx xx. 

Polysaccharides are the most abundant biomaterials on Earth and are used because of their 

innate biocompatibility and degradability. Biomedical applications, such as drug delivery and 

tissue engineering, have plenty of uses today. Although there are natural cell surface 

carbohydrates involved in adhesion, their heterogeneity and ill-defined structure proves 

problematic. Xxxxxxx xxxx Modification with acrylates is very common to infuse the structure 

with the ability to photocure and to further define the structure, thanks to the high curing rate 

of (meth)acrylates. Also, the addition of unsaturated plant oils is common, especially 

prevalent in the case of sefose (sucrose fully modified with fatty acid chains). Xxxxx xxxx 

xxxxx 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in voluptate velit 

esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, 

sunt in culpa qui officia deserunt mollit anim id est laborum. 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum.Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in voluptate velit 

esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, 

sunt in culpa qui officia deserunt mollit anim id est laborum. 
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While new ideas and materials from bio-based raw materials emerge, the cost of producing 

these items should not exceed the current petroleum-based alternatives. Xxx xxxxxx, xxx 

xxxxxxxx xxxxxxxxxx xxx xxxxxxxxxxx xx x x xxxxx xxxxxxx xxxxxxxx, xxxx xx xxxxxxxxxxxx 

x xxx xxx xxx xxxxx xxx xxxx xxxx xxxxxxxxxxx xxxxxx. Xxxxxx Hence, the cost-

effectiveness must always be evaluated and green alternatives are not automatically better. 

2.6.1 Xxxxxxx xxxxxxxx 

2.6.1.1 Acid A  

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. 

2.6.1.2 Acid B 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum.Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat. 

Duis aute irure dolor in reprehenderit in voluptate velit esse cillum dolore eu fugiat nulla 

pariatur. Excepteur sint occaecat cupidatat non proident, sunt in culpa qui officia deserunt 

mollit anim id est laborum. 

2.6.1.3 Acid C 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. 

2.6.1.4 Alcohol A 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. 

2.6.1.5 Alcohol B 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. 
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Duis aute irure dolor in reprehenderit in voluptate velit esse cillum dolore eu fugiat nulla 

pariatur. Excepteur sint occaecat cupidatat non proident, sunt in culpa qui officia deserunt 

mollit anim id est laborum. 

2.6.1.6 Alcohol C 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. 

 

Scheme 10 – Structure of Alcohol C. 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum.Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in voluptate velit 

esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, 

sunt in culpa qui officia deserunt mollit anim id est laborum. 

2.6.1.7 Cyclic ester A 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. 

 

Scheme 11 – Structure of Cyclic ester A. 

2.6.1.8 Acid D 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 
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voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. 
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3 Materials and Methods 
All chemicals were used without further purification or modification. Table 1 shows all the 

materials used. 

Table 1 – Reagents used, their characteristics and structure. 

Reagent Boiling 
point 

Melting 
point 

Supplier Characteristics Structure 

Acid A Xxxx 
xxx 

xxxxxx Xxxx xxx 
xxxxxx 

Xxxx xxxxxx 
xxxxx 

 
Alcohol A Xxxx 

xxxx 
xxxxx Xxxxx 

xxxx xxx 
xxxx x 

Xxxx,x xxxx 
xxxxx 

 

Alcohol B xxxxx xxxxxx Xxxx xxx Xxxxxxx xxx 
xxxx xxx  

Alcohol C Xxx 
xxxxx 

Xx xxx Xxxx xxx Xxxx xxx 
xxxxxxxx  

Acid B xxxxx xxxxx xxxxx Saturated 

 
Cyclic ester 
A 

xxxxxx xxxxx Xxxxxx 
xxxxxx 

Cyclic ester 
monomer  

Acid C xxxx xxxxxx Xxxxxx Xxxxxxxxxx, 
xxxxxxx xxxx 
xxxxxxxxxx  

Alcohol D Xxxxx Xxxxxx Xxxxxx XXxxxx Xxxx 
xxxxx 
xxxXXXXX  

Alcohol E XXXX 
xxxxx 
xxxxx 

XXXXX XxxxXX XXXXXXXXX 
xxxxxxx 

 

Acid D XXXXX 
XXXX 

XXXXXX XXXXXX 
XXXX 

XXXXXXXXX 
XXXXXXXXXX
XX  

FASCAT 4100 
(butyl-
stannoic 
acid) 

N/A Decompose PMC 
Organo-
metallix 

Catalyst 

 

PTSA 140°C 
at 20 
mmHg 

38°C Vendico 
chemical 

Catalyst 

 
 

 

 

 



18 
 

Table 1 – (continued) 

Reagent Boiling 
point 

Melting 
point 

Supplier Characteristics Structure 

Sn(Oct)2 N/A N/A Sigma-
Aldrich 
(donated 
from KTH) 

Catalyst 

 

HQMME 243°C 55°C Sigma-
Aldrich 

Inhibitor 

 

Irgacure 184 N/A 45°C BASF Photoinitiator 

 
Baysilone 
OL17 

N/A N/A Baysilone Wetting agent 
N/A 

Toluene 110°C -95°C Merck Solvent, non-
polar 

 
2-Propanol 83°C -89°C Merck Solvent, polar 

protic 
 

Butyl acetate 126°C -78°C Sigma-
Aldrich 

Solvent, polar 
aprotic 

 

Ethyl acetate 77°C -84°C Merck Solvent, polar 
aprotic 

 
Methyl ethyl 
ketone 

80°C -86°C Merck Solvent, polar 
aprotic 

 
Diethyl 
ketone 

100°C -39°C Fluka Solvent, polar 
aprotic 

 
Tetrahydro-
furan 

66°C -108°C Acros 
organics, 
extra pure 

Solvent, polar 
aprotic 

 
Deuterated 
chloroform 

61°C -64°C ARMAR 
Chemicals 

Solvent, non-
polar 

 
Tetramethyl-
silane 

26°C -99°C  Internal 
standard for 
NMR 

 
Potassium 
hydroxide, 
0.1M in EtOH 

78°C 
(EtOH) 

-114°C 
(EtOH) 

Fischer 
Scientific 

Acid number 
titration 
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3.1 Synthesis of unsaturated PE 

3.1.1 Standard synthesis method 

The polyesters in this work were, if not stated otherwise, synthesized using this procedure. A 

five-necked 1 liter round bottom flask equipped with an inert gas inlet, thermometer, stirrer, 

an opening for sample collection and addition of reagents, as well as a packed column with 

subsequent water cooler, gas thermometer and collection of reaction water distillate. 

Schematic picture of the setup is shown in Figure 7. 

 

Figure 7 – Experimental setup of the reactor vessel with a five-necked round bottom flask with N2-inlet, 
thermometer, stirrer, opening for sample extraction and addition of reagents as well as a packed column 

with subsequent water cooler, gas thermometer and distillate collector. 

The setup was covered in aluminum foil to reduce heat loss and protect the reaction from 

light. A mantle heater was used to bring the mixture to Xxx °C with the stirrer at 150 rpm. 

After approximately 1h from starting the heater, the temperature was increased to Xxx °C 

and the stirring increased to 350 rpm. The temperature was continuously increased to 

disallow the gas temperature to fall below ~95°C, approximately 10°C/h. Maximum 

temperature reached was Temp1 °C, unless otherwise stated in Table 5. The reaction was 

run until desired acid number was reached, as determined by pH-titration. Then the reaction 

was cooled and the polyester was transferred into coated metal cans, sealed for storage 

safe from light. 

A total of 23 batches have been synthesized, with one of them discarded. An example recipe 

for the synthesis of polyester resin JT001, which is based on only Acid A and Alcohol A, is 

shown in Table 2.  
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Table 2 – Example recipe for polyester synthesis.  

Reagent Amount [g] Purpose 

Acid A 493,9 g Diacid monomer 

Alcohol A 334,8 g Diol monomer 

FASCAT 4100 0,62 g Catalyst 

HQMME 0,25 g Inhibitor 

Total reactants 829,6 g  
Water evaporated 128,7 g  

Total yield 700,9 g  

Acid number (aim) 20 mg KOH/g  

Theoretical Mn 713 g/mol  

Maximum temperature 190°C  

 

The amounts of catalyst and inhibitor were always 750 ppm and 300 ppm, respectively. 

When Sn(Oct)2 was used in JT016 and JT020, it was used in 1 w/w% based on Cyclic ester 

A. PTSA (750 ppm) was added to JT011, after 14h 25m. All batches were produced with the 

aim of 700 g of polyester resin after water had been evaporated. An excess of 16 mol% OH-

groups were used, as it provided good numbers for the concentration of double bonds and 

average molecular weight. For a few batches, the excess was adjusted to keep these values 

in line. A complete list of the polyesters synthesized is shown in Table 3. 
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Table 3 – Recipe setup and aim. All recipes were constructed with 16% excess of OH, unless otherwise 
stated. Percentages are mol% relative to the total amount of diacid or diol, respectively.  

Sample Acid 
A [g] 

Acid 
B [g] 

Acid 
C[g] 

Acid 
D [g] 

Alcoh 
A [g] 

Alcoh 
B [g] 

Alcoh 
C [g] 

Alcoh 
E [g] 

Alcoh 
D [g] 

Alcoh 
F [g] 

JT001 493.9 - - - 334.8 - - - - - 

JT001(2) 494.1 - - - 334.7 - - - - - 

JT002 454.2 - - - - 366.3 - - - - 

JT002(2) 452.5 - - - - 364.9 - - - - 

JT003 454.7 - - - 247.2 
(80%) 

- 118.7 
(20%) 

- - - 

JT004 453 - - - 246.2 
(80%) 

- 118.2 
(20%) 

- - - 

JT005 412.8 
(90%) 

41.8 
(10%) 

- - 248 
(80%) 

- 119.1 
(20%) 

- - - 

JT006 495.9 - - - 325.2 
(97%) 

- - 8.1 
(3%) 

- - 

JT007 495.4 - - - 320.2 
(95%) 

- - 13.5 
(5%) 

- - 

JT008 446.9 
(90%) 

45.3 
(10%) 

- - 337.3 - - - - - 

JT009 376 
(75%) 

113.8 
(25%) 

- - 340.9 - - - - - 

JT010 255 
(50%) 

231.4 
(50%) 

- - 346.7 - - - - - 

JT011
a 

358.3 - - - 236.5 
(80%) 

- - - 223.9 
(20%) 

- 

JT012
a 

358.3 - - - 236.5 
(80%) 

- - - 223.9 
(20%) 

- 

JT013
b 

201.9 
(60%) 

- - 207.3 
(40%) 

256.4 
(87.7%) 

- - - 136.4 
(12.3%) 

- 

JT016
a
 357.9 - - - 236.9 

(80%) 
- - - 224.3 

(20%) 
- 

JT018
a
 357.9 - - - 236.9 

(80%) 
- - - 224.3 

(20%) 
- 

JT020
a 

344.1 - - - 227.8 
(80%) 

- - - 215.7 
(20%) 

- 

JT014 478.4 
(97%) 

- 14.6 
(3%) 

- 335.5 - - - - - 

JT015 468.6 
(95%) 

- 26.7 
(5%) 

- 333.2 - - - - - 

JT017 489.7 - - - 328.8 
(97%) 

- - - - 9.1 
(3%) 

JT019 495.2 - - - 318.8 
(95%) 

- - - - 15.1 
(5%) 

a)
 10% excess of OH used. 

b)
 26% excess of OH used. 

For the catalyst trials of Cyclic ester A polymerizations, JT016 and JT018, a pre-polymer of 

Cyclic ester A and Alcohol A was synthesized before the addition of Acid A and inhibitor. 

This was done to investigate the effectiveness of the different catalysts. Pre-polymerization 

was conducted for 3 h at 120°C.  

3.1.2 Reference sample 

Reference 1 and Reference 2 are used as reference samples for comparison with the 

synthesized polyester resins. JT001, the base recipe, was also used as a reference. 
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3.2 Characterization 

3.2.1 Acid number 

The acid number (AN) was measured through titration of the polyester resin samples with 

potassium hydroxide in ethanol. The titrations were conducted with a 751 GPD Titrino 

instrument from Metrohm. A titration curve was constructed and the acid number was 

determined from the titration equivalence point. 

𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑡,𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒 ∗ 𝑐𝑡𝑖𝑡𝑟𝑎𝑛𝑡 ∗ 𝑀𝐾𝑂𝐻

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
= 𝐴𝑁 (

𝑚𝑔 𝐾𝑂𝐻

𝑔 𝑠𝑎𝑚𝑝𝑙𝑒
 ) 

Equation 2 – Acid number calculation formula 

Where 𝑉 is the volume in ml, 𝑐 is the concentration in M, 𝑀 is the molecular weight, 𝑚 is 

mass in g and 𝐴𝑁 is the acid number. 

3.2.2 Viscosity 

A Brookfield CAP 2000+ viscometer was used to measure viscosities at both 50°C and 

100°C. A rotational speed of 700 rpm was used in all cases possible. If the rotation speed 

proved to be too fast for a stable measurement, it was reduced until a stable measurement 

was possible. A speed of 700 rpm provided measurements up to 4000 cP. The rotation 

speed was lowered at high viscosities. 

3.2.3 Size exclusion chromatography (SEC) 

Size exclusion chromatography was performed on all resin samples with an Agilent 1100 

Series Capillary LC System. Approximately 300-400 mg of the polyester resin was dissolved 

in THF (10 ml) and filtered through a Millex-GV 13 mm PVDF filter unit (0.22 µm pores).  

Table 4 – Parameters used for the SEC analysis. 

Parameter 
 Mobile phase  THF 

Flow  1.6 mL/min 

Standards Polystyrene standards 

Column 2x Varian PL Gel Mixed-D 300 x 7,5 mm 

Column temperature 50 °C 

Injection volume  20 μL 

Detector  RID 1260 Infinity, 35 °C 

3.2.4 Gardner color index 

Each polyester resin color was analyzed using a LICO 50 colorimeter from DR LANGE 

against the Gardner color scale, which measures yellowness of liquids. Through 

measurement of transmittance, chromaticity coordinates are used to match the sample to 

one of 18 standards of the Gardner scale and the value is expanded to include one decimal. 

3.2.5 Nuclear magnetic resonance spectroscopy (NMR) 

NMR studies were performed on select samples with a Shielded Bruker Avance III 400 MHz 

system. Both 13C-NMR and 1H-NMR were performed on the selected samples. 

Approximately 300-400 mg of resin was collected for the 13C-NMR analysis and 30 mg for 
1H-NMR analysis, dissolved in deuterated chloroform, CDCl3 (3 ml and 1 ml, respectively). 

The CDCl3 contained tetramethylsilane as a reference at a concentration of 0.07 vol%. A 10 
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mm BBO probe was used for 13C-NMR, scanning 5000 times, and a 5 mm BBI probe was 

used for 1H-NMR, scanning 32 times. 

3.3 Film preparation 

To prepare the films, the resins were diluted with butyl acetate to achieve a set viscosity. 

The viscosity was measured using a Ford viscosity cup, Din Cup 4 mm, and timed to 25±5 

seconds to pass through. Usually this required that the samples were diluted to 40-60 w% 

solids content. A photoinitiator, Irgacure 184 (6 g), was added to every 100 g of solid resin 

sample, as well as a few drops of Baysilone® Paint Additive OL17 to promote flow and 

improve surface smoothness. The films were applied with a 150 µm applicator onto glass 

and metal substrates, dried in an oven at 60°C for 20 min and put on the conveyor belt 

under the UV-lamps while still warm. Glass substrates were used for pendulum hardness 

and chemical resistance and metal substrates were used for flexibility test (Erichsen ball). 

One gallium lamp and one mercury lamp were used in succession for the UV-curing.  

This study used the initiator Irgacure 184. Previous studies have shown that only the benzoyl 

radical is reactive enough to initiate polymerizations, whereas the other solely acts as a 

chain terminator at high enough concentrations. Xxx xxx xxxxxxxxx 

3.3.1 Solid content 

For solid content measurements, samples were added on to filter pads, placed in aluminum 

sample pans and measured with a Mettler Toledo HR73 Halogen Moisture Analyzer at 

120°C until constant weight. 

3.4 Evaluation 

3.4.1 Pendulum hardness 

The pendulum hardness tests were performed on glass substrates, where films had been 

applied with a 150 µm applicator. Films were allowed to rest for 2 minutes in room 

temperature to allow for leveling and then dried in an oven at 60°C for 20 minutes. A König 

pendulum, Erichsen model 299/300, was used to test the samples, after allowing the 

samples to cool to room temperature before testing on different locations of the sample. 

Tests were performed after two weeks as well to see the effect of post-curing and complete 

solvent evaporation. The films should not be too thin, as this would make the glass plate 

affect the measurements. 

3.4.2 Flexibility 

Metal substrates were used to test the flexibility with an automatic cupping tester, TQC 

SP4300. The samples were fastened in the instrument after allowing them to cool to room 

temperature. During gradual deformation by indentation, the length was determined by the 

first visible crack.  

3.4.3 Chemical resistance 

The films on glass substrates were tested in terms of their chemical resistance to deionized 

water and ethanol, 48% (v/v). Small filter papers, with a diameter of 25 mm, were 

submerged in water and ethanol, respectively, for 30 seconds, placed upon the samples and 

covered by a glass bowl, with a diameter of 40 mm and height of 25 mm. The ethanol pads 

were removed after 1 h and the water pads were removed after 24 h. Evaluation was 

performed after 1 h for ethanol as well as 24 h for both ethanol and water. A microfiber cloth 
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was used to carefully wipe away any remaining liquid after the filter pad had been removed. 

Samples are graded on a scale of 1 to 5, with 5 being the best result. The full explanations 

are as follows: 

1. Significant mark, the surface structure changed, surface material completely or partly 

removed or parts of filter paper stuck on the sample. 

2. Significant mark, surface structure otherwise essentially unchanged. 

3. Weak mark visible from several viewpoints. 

4. Weak gloss changes or barely discernable marks, visible only when light is reflected 

in the viewpoint of the observer. 

5. No visible changes or damage. 
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4 Results and discussion 

4.1 Polymerization  

A total of 23 polyesters were synthesized and 22 of them were characterized and evaluated. 

The polymerization results are listed in Table 5. All polymerization, except for JT003, 

resulted in viscous and homogenous polyester resins. Reactions were run until an acid 

number of 30 was reached and End time denote the corresponding time required. Viscosities 

ranged from clearly flowing during tilting of the can, to barely moving even after the can was 

turned upside down. An example of flow properties can be seen in Figure 8. 

Table 5 – Results of the polymerization reactions. DB/pol denotes the theoretical average number of 
double bonds per polymer chain and Reactive DB denotes the amount of double bonds per gram. 

Sample End 
time 

Temp-
erature 
[°C] 

AN 
[mg/g]  

Visc 
@50°C 
[cP] 

Visc 
@100°C 
[cP] 

DB/pol 
theor. 

Reactive 
DB 
[mmol/g] 

JT001 5h 20m Temp1 19.5 6700 330 3.9 5.4 

JT001(2) 5h 30m Temp1 33.9 3000 160 3.9 5.4 

JT002 3h 45m Temp1 17.8 7400 480 4.2 5.0 

JT002(2) 3h 50m Temp1 27.8 3900 250 3.7 5.0 

JT003 9h 35m Temp1 32.1 N/A N/A 4.3 5.0 

JT004 9h 50m Temp1 
-15 

33.0 25800 1000 3.7 5.0 

JT005 8h 35m Temp1 
-15 

27.0 59000 1600 4.0 4.5 

JT006 4h 20m Temp1 30.3 3800 300 4.1 5.5 

JT007 5h Temp1 29.8 4000 240 4.1 5.4 

JT008 4h 40m Temp1 29.8 2600 140 3.5 4.9 

JT009 4h 35m Temp1 26.9 1700 100 2.9 4.1 

JT010 4h 45m Temp1 29.7 1100 60 1.9 2.8 

JT011 18h 
25m 

Temp1 44.5 25700 1000 3.6 3.9 

JT012 6h 40m Temp1 
+20 

35.0 45100 1260 3.6 3.9 

JT013 6h 55m Temp1 
+20 

29.0 430 30 1.3 2.2 

JT016 17h15m Temp1 
(120) 

42.7 23800 1200 3.7 3.9 

JT018 23h20m Temp1 
(120) 

34.8 12200 420 3.7 3.9 

JT020 20h15m Temp1 39.5 14300 560 3.7 3.8 

JT014 4h 50m Temp1 28.6 3400 200 3.9 5.2 

JT015 4h 20m Temp1 30.8 4200 220 4.0 5.2 

JT017 5h 35m Temp1 29.3 4700 200 3.8 5.4 

JT019 4h 15m Temp1 24.3 10000 610 4.4 5.4 
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Figure 8 – Visual and flow disparities between synthesized polymers. JT012 (left) showed a dark orange-
red color, had the texture of thick honey and barely ran off the wooden stick, while JT017 (right) had a 

pale yellow color and ran off the wooden stick effectively.  

During long polymerizations, such as the ones involving Cyclic ester A and Alcohol C, the 

viscosity would increase exponentially, while acid number was leveling out; as seen in 

Figure 9 and Figure 10. This prompted an end to the reaction before targeted acid numbers 

had been reached, to prevent complete gelation as in the case of JT003.  

 

Figure 9 – Reaction profile for JT011, containing Cyclic ester A, Acid A and Alcohol A; with catalyst 
FASCAT 4100. 

PTSA was added to JT011 after 14h 25m to see if it could re-initiate the otherwise stagnant 

reaction. As can be seen by Figure 9, no discernible change in acid number was observed. 

For batch JT012, the temperature was increased to (Temp1+20)°C compared to JT011 

conducted at Temp1°C. This reduced the reaction time significantly and also allowed the 

reaction to reach close to the targeted acid number of 30. However, the high-temperature 

batch showed a steeper increase in viscosity over time. 
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With the batches JT016, JT018 and JT020, the possibility of catalyzing polyesterifications 

with stannous octoate, as well as the possibility of ring-opening Cyclic ester A with FASCAT 

4100, was tested. The catalysts are commonly used for opposite purposes, with Sn(Oct)2 

often promoting the ring-opening and FASCAT4100 often promoting the esterification. Figure 

10 shows the reaction profile for JT016, where Acid A was added after 3 hours. 

  

Figure 10 – Reaction profile for JT016, containing Cyclic ester A, Acid A and Alcohol A; with catalyst 
Sn(Oct)2. 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum.Lorem ipsum dolor 

sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore 

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut 

aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in voluptate velit 

esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, 

sunt in culpa qui officia deserunt mollit anim id est laborum. Lorem ipsum dolor sit amet, 

consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore magna 

aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut aliquip ex 

ea commodo consequat.Duis aute irure dolor in reprehenderit in voluptate velit esse cillum 

dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, sunt in culpa 

qui officia deserunt mollit anim id est laborum. 

Xxx xxxxxxxxx xxx xxxx xxxxxxxxxxxxx xxxxxxxxx xxxxxxxxxxxxxxxxx xxxx. During the 

reactions, especially with Alcohol C, the viscosity increased exponentially during 

polymerization. It can be hypothesized that Alcohol C has a probability of creating radicals to 

such great extent during polymerization that the inhibitor HQMME is not sufficient in 

0

5000

10000

15000

20000

25000

0

10

20

30

40

50

60

70

80

90

03:00 06:00 09:00 12:00 15:00 18:00

V
is

c
o

s
it

y
 [

c
P

] 

A
c
id

 n
u

m
b

e
r 

[m
g

/g
] 

W
a
te

r 
c
o

ll
e
c
te

d
 [

m
l]

 

Reaction time [h] 

Acid number Water Viscosity @ 50°C



28 
 

preventing a premature cross-linking of the polyester resin. Another speculation could be a 

sort of Trommsdorff-Norrish effect coming into play at the high viscosities seen in these 

polymerizations and thus reaching the gel point. The first Alcohol C trial (JT003) completely 

gelled, yielding an insoluble waxy lump. The second and third Alcohol C trials (JT004 and 

JT005) were run at a lower temperature (Temp1-15°C) and proved successful in reaching 

an acid number close to 30, but the viscosity of these resins was extremely high, indicating 

that the radical curing reaction had started. However, as JT004 and JT005 both dissolved in 

ketone solvents, an extensive chemical cross-linking is disproved. In the cases with Cyclic 

ester A monomer, a more linear, or at least only slightly exponential, increase in viscosity 

was seen, even though the reaction was carried on for much longer. 

The Cyclic ester A-containing polyester batches had a peculiar behavior during acid number 

titration. After the equivalence point had been reached and a value was determined, the 

titration curve seemed to take a dive after reaching pH around 14. Such alkaline conditions 

may hydrolyze the structures formed from Cyclic ester A and create more free acid groups, 

thus lowering pH and producing the dive. It was deemed irrelevant to the acid number 

measurement, due to occurring after the equivalence point. 

JT014 was repeated after showing disparities in viscosity and reaction time, compared to 

previous polymerizations, such as the Alcohol D and Acid B trials. In two hours less than 

JT015, a similar recipe; the reaction had reached well beyond aimed acid number of 30, the 

viscosity was close to 25000 cP and the Gardner color index was as high as 5,4 (compared 

to 0,8 for JT015). None of the other batches with multifunctional monomers behaved this 

way, and the second time it was run, the values were more appropriate. This could be a 

result of malpractice, such as the thermometer not reached far enough down to get accurate 

readings, possibly due to the high rotor speed forcing the polymer up the sides of the 

reaction vessel, and the mantle heater continuing to heat the mixture. 

4.2 Gardner color index 

Gardner color index was measured for all samples except for JT003, due to practical issues 

of getting the resin into the vessel for measurements. Values from all samples are shown in 

Table 6. Even though some batches were intensely colored, the films that were produced 

after formulation had no visible color defects. A higher index denotes a higher yellowness of 

the sample. 
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Table 6 – Gardner color index for the synthesized resins. 

Sample Gardner 
color index 

Sample Gardner 
color index 

JT001 2,9 JT010 2,4 

JT001(2) 1,9 JT011 7,7 

JT002 4,6 JT012 7,2 

JT002(2) 2,3 JT013 2,3 

JT003 Not possible JT016 6,7 

JT004 4,2 JT018 5,5 

JT005 5,5 JT020 6,2 

JT006 2,1 JT014 1,2 

JT007 1,4 JT015 0,8 

JT008 2,1 JT017 0 

JT009 1,6 JT019 0,1 

 

Even though PTSA is known to add discoloration, the difference in Gardner color index 

between JT011 with PTSA and JT012 without PTSA, is not that great.  

 

Figure 11 – Example of testing tube. Notable color differences between Cyclic ester A-containing polymer 
JT016 (left) and Alcohol E-containing polymer JT017 (right) can be seen. 
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4.3 SEC results 

All results from the SEC analysis are shown in Table 7. Even though samples varied greatly 

in viscosities, the variation in molecular weight is not that great.  

Table 7 – SEC results compared to aim, with theoretical and measured number-average molecular weight 
of the synthesized polymers and molecular weight distribution. Values are displayed in g/mol. Acid 

number for easy comparison with extent of reaction. 

Sample Theoretical 
Mn [g/mol] 

Measured 
Mn [g/mol] 

Difference Percentage PDI AN 
[mg/g] 

JT001 710 780 70 110% 5.7 19.5 

JT001(2) 720 610 -110 85% 3.4 33.9 

JT002 850 1130 280 133% 7.8 17.8 

JT002(2) 740 980 240 132% 4.2 27.8 

JT003 860 560 -300 65% 9.8 32.1 

JT004 750 620 -130 83% 6.3 33.0 

JT005 880 910 30 103% 18.0 27.0 

JT006 760 690 -70 91% 4.6 30.3 

JT007 760 610 -150 80% 4.0 29.8 

JT008 710 590 -120 83% 3.4 29.8 

JT009 700 610 -90 87% 3.0 26.9 

JT010 690 570 -120 83% 2.6 29.7 

JT011 920 610 -310 66% 8.8 44.5 

JT012 920 790 -130 86% 12.3 35.0 

JT013 600 540 -60 90% 3.1 29.0 

JT016 950 690 -260 73% 11.3 42.7 

JT018 950 720 -230 76% 7.0 34.8 

JT020 970 750 -220 77% 4.7 39.5 

JT014 730 620 -110 85% 3.9 28.6 

JT015 780 600 -180 77% 3.9 30.8 

JT017 700 610 -90 87% 4.0 29.3 

JT019 810 860 50 106% 11.3 24.3 

 

It should be noted that JT003 was not completely dissolved in THF before the filtration. 

Flakes of crystalline polymer were suspended in the otherwise clear liquid. This sample 

required two syringe driven filters units with 0.22 µm pores to extract 1 ml of liquid, due to 

clogging of the PVDF filter units. JT012 also exhibited a yellow color. 

JT002 and JT002(2) showed a greater overreach than any other, for reasons discussed in 

the previous section. It is also evident that the reactions with very long reaction times, such 

as the second round of Cyclic ester A and JT011, did not reach the intended average 

molecular weight. This could be related to the issues with reaching desired acid number. 
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4.4 NMR results 

NMR analysis was performed on selected samples, listed in Table 8 below.  

Table 8 – Samples selected for NMR analysis. 

Sample Primary objective 

JT004 Evaluate incorporation of Alcohol C 

JT005 Evaluate incorporation of Alcohol C 

JT007 Evaluate incorporation of Alcohol D 

JT015 Evaluate incorporation of Acid C 

JT019 Evaluate incorporation of Alcohol E 

JT016 pre-polymer Investigate effect of catalyst 

JT016 Esterification with Sn(Oct)2 

JT018 pre-polymer Ring-opening with FASCAT4100 

JT018 Evaluate composition 

JT020 Investigate effect of catalyst 

 

All spectra show that, for each sample tested, polyesters had been formed. With the Alcohol 

C samples, it was obvious that all of the Alcohol C had not reacted into the polyester. A large 

portion of the monomers remain and as a result Alcohol A is incorporated to a greater extent 

than in JT019, as seen in Figure 12, which shows the spectra for JT005 and JT019. This 

could be related to the extra reaction time required to reach desired acid number. As stated 

in previous studies by Xxxxx xxxx xx xxxxx, the reactivity of Alcohol C remains a problem. 

For JT019, the concentration of Alcohol E in the sample is very low. Thus, no further 

conclusion other than confirming that it is incorporated can be drawn. 
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Figure 12 – NMR spectra from the analysis of JT005 (top) and JT019 (bottom). Monomers In the box are 
part of both of the samples. 
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Figure 13 shows spectra from JT007 and JT015. For the Alcohol D batch, JT007, a 

distribution of the degree of substitution was discernible. The ratio of substitution was 8% 

unsubstituted, 32% mono-, 44% di- and 17% tri-substituted Alcohol D. The incorporation of 

Acid C into the polyester can be confirmed, but no information on the substitution is available. 

 

Figure 13 – NMR spectra from JT007 (top) and JT015 (bottom). The monomers in the box are present in 
both samples. 

The NMR of the Cyclic ester A-containing polymers showed that reaction had occurred in the 

pre-polymers, and that the co-polymerization was similar across all samples. Therefore it 

can be concluded that the FASCAT 4100 has been successful in ring-opening of the Cyclic 

ester A. All batches showed formation of both Xxx xxx xxxxx xxxxx (only one ester group of 

Cyclic ester A transesterified) incorporated in the structure. As such, Sn(Oct)2 can be 

confirmed to have successfully produced a polyester through esterification. However, neither 

of them alone, nor together, were successful in reaching the targeted acid number of 30. 

Figure 14 shows spectra of JT016 and JT018 at the end of their reactions. 
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Figure 14 – NMR spectra from JT016 (top)  and JT018 (bottom) at the end of reaction. Xxxx xxx 
xxxxxxxxxxxxx xx xxx xxx  xxxx xxx xxx xxxxxxx x xxxxxx xx x xxxxxxx. 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. 
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Figure 15 – Example of H-NMR spectra. 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat.Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. Xxxxx 

xXXXXXxxxxx Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

 

Table 9 – xx xxXX xxx xxxxxx x xxxxxxxxxx xxxxxxxxx 

 Xxxxx Xxxxx 
 

Xxxxx Xxxxx Xxxxx Xxxxx Xxxxx xxxxx 

Xxx Xxx Xx Xx Xx Xx Xx Xx Xx 

Xx Xx Xx Xx Xx Xx Xx Xx Xx 

Xx Xx Xx Xx Xx Xx Xx Xx Xx 

Xx Xx Xx Xxx Xx Xxx Xx Xx xxx 

 

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco 

laboris nisi ut aliquip ex ea commodo consequat. Duis aute irure dolor in reprehenderit in 

voluptate velit esse cillum dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat 

non proident, sunt in culpa qui officia deserunt mollit anim id est laborum. 
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Figure 16 – Xxxx xXxx xxx xXxx xxX xxx xxXXxxxx 

4.5 Formulation 

During the formulation of JT004 and JT005, it was observed that even with excess butyl 

acetate and long mixing times, the polymer resin did not dissolve satisfactorily  to pass the 

viscosity requirements. It was noted that once a certain amount of butyl acetate had been 

added, the solvent and the resin were not miscible anymore and a second phase was 

instead created. Even with extensive mixing, the resin would not dissolve. 

The solubility of Alcohol C in ethyl acetate and butyl acetate was investigated by melting the 

white flakes and mixing with solvent when the monomers were still molten. Neither was 

successful in dissolving Alcohol C, but ethyl acetate showed slightly better results. Figure 17 

shows the appearance of the samples after a few weeks in room temperature; 

recrystallization occurred very slowly for ethyl acetate and much faster for butyl acetate. 

 

Figure 17 – Alcohol C monomer solubility in ethyl acetate (left) and butyl acetate (right). 

It has been reported by the supplier Xxxxxxx, that in hydrocarbons, esters and ethers, 

Alcohol C is almost insoluble. With only Xxxx mol% of the resin being Alcohol C, the more 

polar solvent ethyl acetate was successfully used to formulate the sample JT004. As noted 

by Xxxxxx xx xx xxxx, Alcohol C is known to be highly polar and which thus affects the 
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solubility of the UPE resin. Other solvents were investigated as possible solvents for Alcohol 

C polymers. A 4:1 mixture of Solvesso 100 (Aromatic) and butyl glycol was unsuccessful and 

phase separation was observed. However, methyl ethyl ketone and diethyl ketone were both 

successful in formulations JT004 and JT005, and this rules out extensive chemical 

crosslinking as the reason for the high viscosity. 

On average, it took 15 minutes of knead-like stirring to get the solvent to sufficiently dissolve 

each of the polyester resins. Solvent was added intermittently, approximately 10 g of solvent 

at a time, and stirred with a wooden spatula until good mixing was achieved. Figure 18 

shows the general appearance of a formulated resin.  

 

Figure 18 – General appearance of a formulated resin. JT001 is depicted. 

For formulation of 100 g of resin, between 65 g and 135 g of solvent was required to achieve 

the right flow time through the Ford viscosity cup. Both extremes were Cyclic ester A 

containing polymers. JT013 required the least amount of solvent and JT011, JT012 and 

JT016 the most. Solid content, measured by evaporation at 120°C until constant weight, is 

listed in Table 10. 

Table 10 – Solid content for all formulations before addition of photoinitiator and wetting agent. 

Sample Solid content Sample Solid content 
JT001 51,2% JT011 41,3% 

JT001(2) 53,5% JT012 42,3% 

JT002 48,4% JT013 58,9% 

JT002(2) 51,0% JT014 51,0% 

JT003 N/A  JT015 51,0% 

JT004 59,3% JT017 51,2% 

JT005 56,6% JT019 43,9% 

JT006 50,4% JT016 42,5% 

JT007 51,9% JT018 44,5% 

JT008 54,1% JT020 46,5% 

JT009 53,6% Reference 1 50,6% 

JT010 54,8% Reference 2 60,0% 
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4.6 Film formation 

All films appeared transparent, with a hint of pale yellow in JT011 and JT012. Due to the 

manual practice involved in the film application, some inconsistencies in the thickness of the 

films occur. Along with the high content of solvent required to achieve the right viscosity of 

the formulation, often as low as 40% solid content, some of the films had troubles forming a 

coherent and smooth film, possibly due to the speed at which solvent was evaporated in the 

60°C oven. Five drops of wetting agent OL17 were added to each 100 g of polyester resin, 

independent on solid content. The resins with multifunctional monomers in particular would 

show a wavy pattern and large craters, similar to an exaggerated orange peel effect, after 

curing, and thus produce irregular values for the pendulum hardness specifically (eg. values 

from 125 to 175 Ks on the same film). A picture of the scenario is visible in Figure 19. Quick 

evaporation of thinner is known to cause an orange peel effect in paint and coating 

applications. 

 

Figure 19 – Film of JT019 on a glass plate with craters regularly formed if not left for levelling for 2 
minutes in room temperature. This behavior was not exclusive for JT019 and occurred for several other 

samples. Right picture shows an enhanced view.  

By adding five more drops of wetting agent OL17 to JT019, the craters would not disappear, 

but change form. Figure 20 shows a more circular pattern for craters, as opposed to the 

dendritic-like behavior in Figure 19. 

 

Figure 20 – Film of JT019 on a glass plate with circular crater formation after addition of extra wetting 
agent OL17.  
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To counteract this, films were applied and left at room temperature for approximately two to 

three minutes, to allow the liquid to level before the heat treatment in the oven. This 

produced much smoother films compared to the craters and unevenness that was prevalent 

in the first samples.  

The results from the evaluation were highly affected by the film thickness. This was in turn 

determined partly by the speed at which the applicator was moved across the sample; 

allowing slightly different times for the coating to reset and flow backwards under the 

applicator during application. Although the aim was to keep the speed constant during all 

samples, differences occurred as no way of measuring the film thickness was available. 
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4.7 Mechanical testing 

4.7.1 Pendulum hardness 

Pendulum hardness was measured several times on each film. The average number and the 

standard deviation are shown in Table 11.  

Table 11 – Pendulum hardness results in König seconds, reported as the average of four measurements 
on different locations on the film. 

Sample Average [Ks] Std. dev. 
JT001 74 4,0 

JT001(2) 70 2,7 

JT002 68 4,0 

JT002(2) 86 3,0 

JT003 N/A N/A 

JT004 40 0,7 

JT005 26 1,8 

JT006 55 1,6 

JT007 69 5,6 

JT008 59 6,2 

JT009 48 4,3 

JT010 34 1,2 

JT011 26 1,2 

JT012 24 1,0 

JT013 N/A N/A 

JT014 114 4,2 

JT015 88 5,1 

JT017 98 4,6 

JT019 108 2,5 

JT016 27 0,7 

JT018 24 3,0 

JT020 21 1,2 

Reference 1 131 1,2 

Reference 2 31 3,0 

 

The multifunctional monomers Alcohol E and Acid C both produced harder films. The 

Alcohol D batches were harder than many of the other samples, but they were softer than 

without Alcohol D in JT001. Since Alcohol D is the only change compared to JT001, it 

probably has a plasticizing effect on the film. Xxxxx Xxx xxx xxxx xxXXxx xxx xxxxxxxxx 

xxxxxxxxxxx. 

Alcohol C was hypothesized to make the materials harder and increase chain rigidity, Xxx xx 

xxx xxxx xxxxxx. Studies have shown that even at low molar masses, Alcohol C could 

increase the glass transition temperature significantly. Xxxx xxxxxxxx However, the films all 

showed hardness below that of JT001(2) one hour after curing. The Alcohol C films were all 

problematic to make because of the solubility problems. The reported values come from 

films made with butyl acetate as the solvent, where the viscosity was higher and never 

passed the Ford cup test appropriately. The films from the ketone solvents, diethyl ketone 

and methyl ethyl ketone, showed slightly better hardness, but still remarkably lower than 

JT001(2). The comparison of Alcohol C-films to the others is slightly impaired by the fact that 
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it was never completely dissolved in BuAc and the ketone solvents all have different 

characteristics than BuAc. 

In the Acid B series (JT008, JT009, and JT010), it is evident that a lower concentration of 

double bonds resulted in a softer film. The three batches show a declining trend in both 

hardness and double bond concentration. However, it should be noted that even with half of 

the diacids being saturated and the theoretical double bond concentration as low as 2.80 

mmol/g, the film did not show a sticky texture and was suitable for testing.  

The film of JT013 was never tested due to its sticky texture, possibly due to insufficient 

curing. The concentration of double bonds was low, only 2.22 mmol/g compared to the 

general amount of around 5 mmol/g of the other samples. Even after two weeks storage in 

room temperature and open air, the film was still considered as sticky. JT013 also had the 

lowest average molecular weight, possibly not high enough for sufficient coherence. The 

Acid D used for JT013 may be too flexible to create a rigid enough structure. As seen by 

JT001 and JT002, a longer aliphatic chain does produce slightly lower hardness values. 

The solvents remaining in the films might influence the values to a great extent, especially in 

the cases with Alcohol C, where solvents have been used experimentally. Therefore, the 

second set of tests after two weeks are interesting. This would allow for extensive post-

curing and presumably all solvent would be evaporated. Figure 21 shows the comparison 

between one hour and two weeks storage of cured films at room temperature.  

 

Figure 21 – Pendulum hardness tests comparison between one hour and two weeks after curing. 

While almost all films (not the Cyclic ester A samples or high content Acid B) increased in 

hardness, the Alcohol C samples showed remarkable improvements. After two weeks, their 

hardness was in line with the rest of the samples and even surpassing many of the samples. 

Since the incorporation of Alcohol C into the polyester was low, unreacted monomers are 

present. This could have a plasticizing effect. But, as the solvent and monomer migrated out 

of the film, the films gained hardness. Alcohol D also showed notable improvements. It can 
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be speculated that Alcohol D binds the solvent BuAc to great extent, which is then released 

during the two weeks of storage. The softening effect the solvent would have had is then lost. 

The Cyclic ester A samples often required more solvent to pass the viscosity test. The two 

week storage was thought to help in increasing the hardness, but they still presented poor 

hardness. Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor 

incididunt ut labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud 

exercitation ullamco laboris nisi ut aliquip ex ea commodo consequat.. The percentage 

increase was lowest among the multifunctional Acid C and Alcohol E samples. Possibly the 

need for post-curing is lower due to already having some innate cross-linking from the 

synthesis. 

JT008, with a lower percentage of the diacid being Acid B, show much better improvement 

than JT009 and JT010. Possibly there were more double-bonds unreacted, that were 

available for post-cure and to make the material even harder. JT009 and JT010 have less 

available double-bonds (4.13 mmol/g and 2.8 mmol/g, respectively), and as such will not 

post-cure as effectively. A higher amount of saturated diacid (Acid B) will result in longer 

sections between the cross-links and a more flexible material. Lorem ipsum dolor sit amet, 

consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore magna 

aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut aliquip ex 

ea commodo consequat.Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do 

eiusmod tempor incididunt ut labore et dolore magna aliqua. Ut enim ad minim veniam, quis 

nostrud exercitation ullamco laboris nisi ut aliquip ex ea commodo consequat. 
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4.7.2 Flexibility (Erichsen ball) 

Tests for flexibility was performed on metal substrates and the flexibility value was measured 

the second the film showed visible cracks or defects. Flexibility was only tested within 1 h of 

curing. The results from the measurements are reported in Table 12. 

Table 12 – Flexibility results of a single measurement on cured samples shortly after cooling to room 
temperature. 

Sample Flexibility [mm] 

JT001 4.1 

JT001(2) 3.2 

JT002 3.5 

JT002(2) 5.1 

JT003  N/A 

JT004 6.9 

JT005 7.3 

JT006 2.4 

JT007 3.2 

JT008 3.6 

JT009 4.9 

JT010 8.2 

JT011 7.4 

JT012 9.4 

JT013  N/A 

JT016 8.6 

JT018 7.8 

JT020 7.7 

JT014 3.8 

JT015 3.5 

JT017 2.5 

JT019 4.9 

Reference 1 3.0 

Reference 2 6.8 

 

Figure 22 depicts a failure during flexibility test, as well as the pictures after 30 seconds rest 

with no further indentation. Since more than 99% of the van der Waals forces are lost after a 

nanometers separation, the propagation of cracks is easy due to the brittle nature of 

interfacial bonds.Xxxx xxx xxx xxxxxxxxxxx. Therefore, we see extensive crack elongation 

and can conclude that once a crack is formed, the material is unusable. 
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Figure 22 – Flexibility test failure point. The value is determined after crack as seen in the left picture 
emerges. After 30 seconds the cracks would in some cases cover the whole indentation as in the right 

picture. JT018 is depicted. 

The flexibility test shows a notable correlation to the hardness, where a lower hardness 

resulted in a higher flexibility. A combined pendulum hardness and flexibility graph is shown 

in Figure 23, where the best material arguably would end up in the top right of the graph, 

being both hard and flexible. As the flexibility tests were performed shortly after the metal 

plates had cooled to room temperature, the matching value of pendulum hardness is the test 

after one hour of storage. The most successful material in this study seems to be JT019, 

with JT014 as second best. 

 

Figure 23 – Pendulum hardness vs flexibility (1 h), with a trend line depicting the relation. Upwards is a 
harder material and to the right depicts a more flexible material. 
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All of the films from long reaction time batches are found in the bottom right corner, meaning 

they all had trouble forming a hard material. There all Cyclic ester A samples, the Alcohol C 

samples and the Acid B sample with the lowest amount of double-bonds are found.  

Alcohol D samples are found to the left, under the trend line. Their hardness also increased 

greatly after two weeks storage, but before the post-curing they were poor in both hardness 

and flexibility. Above them we find the other multifunctional monomer samples, where 

Alcohol E showed the best performance. 

4.8 Chemical resistance 

The chemical resistance tests are evaluated according to the scale described previously, 

with 1 being the worst result and 5 being the best, and reported in Table 13. 

Table 13 – Chemical resistance test of all samples possible. 

Sample Alcohol 
1h 

Alcohol 
24h 

Water 
24h 

JT001 4 4 4 

JT001(2) 4 4 4 

JT002 4 4 5 

JT002(2) 4 4 5 

JT003 N/A N/A N/A 

JT004 1 1 3 

JT005 1 1 2 

JT006 4 4 4 

JT007 3 3 5 

JT008 2 3 3 

JT009 2 3 3 

JT010 2 2 2 

JT011 2 2 2 

JT012 2 2 2 

JT013 2 2 2 

JT014 3 3 4 

JT015 3 3 4 

JT017 3 3 4 

JT019 3 3 4 

JT016 2 2 2 

JT018 2 2 2 

JT020 2 2 2 

Reference 1 5 5 5 

Reference 2 1 1 5 

 

The best sample was the reference Reference 1, and out of the synthesized samples, the 

basic recipe with only Acid A and Alcohol A or Alcohol B, performed the best. The diols 

Alcohol A and Alcohol B only contain aliphatic chains between the functional groups, 

whereas the other monomers with higher functionality include unreacted and available 

functional groups that increase the rate of hydrolysis. Xxxx xxxx xxxXx xxxx Xxxxx xxx 

xxxxxxx xxxxxxxxx. The Alcohol C samples received the lowest rating after 1 hour. Alcohol C 

is known to be very polar, which may increase the rate of hydrolysis.  
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The results from the water resistance test at 24 h show a good correlation to the amount of 

double bonds per weight. All samples with a concentration of double bonds of 5 mmol/g or 

higher, showed a rating of at least 4.  

5 Conclusions 
XxxxxxX xxx xxxxx XxxxxX XXXXXXXXXxxxxx Xxxxxx xxxxxxxx xxxxxxxx. Based on the 

results presented in this report, the following conclusions can be drawn. 

 It was possible to successfully synthesize UV-curable polyester resins and films 

Xxxxx xxx xxxx xxxxxx xxxxxxxxxxxxx. 

 Acid A shows need for post-curing in many cases, as seen by the increase in 

hardness over time. Multifunctional monomers reduce the need for post-curing. 

 Cyclic ester A was found to be challenging to incorporate and showed no 

improvement to the material properties, Lorem ipsum dolor sit amet, consectetur 

adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore magna aliqua. 

Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut aliquip ex 

ea commodo consequat. 

 Alcohol C had problems with reactivity and solubility, but showed promising hardness 

properties after post-curing. 

 Xxxx xXx xx xxx xxxx xxxX xX XXXX xxXxxxx xXXXX XXXXXX. 

 JT019 and JT014 proved to be the best samples in the joined hardness & flexibility 

evaluation. 

 JT002 (1&2) had the best results in the chemical resistance tests. 

 None of the samples reached the performance of Reference 1. 

6 Future studies 
Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut  

Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut 

labore et dolore magna aliqua. Ut enim ad  

Expanding the current study to include more samples with different concentrations to 

achieve optimal performances could reveal more about these monomers’ behavior.  
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