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Summary 
In this study, 2,5-bis(2-oxazolin-2-yl)furan (2,5-FDCAox) was used in the polyaddition reaction with 

different dicarboxylic acids for the preparation of polymers for coating applications. Furthermore, the 

goal of this study is to determine the feasibility to use this monomer for the synthesis of high-

performance coatings which are able to cope with temperatures above 170 °C. 

The effects of the reaction temperature, catalyst and composition on the ring-opening polyaddition 

reaction is studied using the following techniques; proton nuclear magnetic (1H NMR) spectroscopy, 

Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry (DSC) and dynamic 

mechanical analysis (DMA). It was found that a reaction temperature of 200 °C was most suitable 

since sublimation of the monomer was minimal and rapid curing was ensured using this temperature. 

A reaction time of 60 minutes was employed to ensure full conversion.Furthermore, the branching 

reaction was sufficiently promoted upon the addition of5 wt% triphenyl phosphite as catalyst and 

using a monomer ratio 2,5-FDCAox:dicarboxylic acid of2.25:1. These reaction parameters were used 

to prepare solvent-borne coating using NMP as solvent. Moreover, the obtained coatings are 

transparent and have an average thickness of 30 µm. The reverse impact-, the acetone double rub- and 

the pencil hardness test showed that the obtained resin was flexible, sufficiently cured and soft. 

Furthermore, FTIR showed that an homogeneous structure was obtained.  

The branching reactivity of 2,5-FDCAox is compared with its non-renewable analogues viz. 1,3-bis(2-

oxazolin-2-yl)benzene (IAox), and 1,4-bis(2-oxazolin-2-yl)benzene (TAox). It was shown that the 

rate of the branching reaction was the highest for 2,5-FDCAox. Additionally, TAox did not melt nor 

dissolve in the acid comonomer and was therefore not suitable as comonomer. TheTg’s of the 

materials obtained using 2,5-FDCAox and IAox were 50 °C and 45 °C, respectively. 

The effect of spacer length of the used dicarboxylic acid is investigated using in-situpolymerization 

and analysis in DSC. An odd-even effect was observed in the Tg with variation of the used spacer 

length. Moreover, the Tg decreased from 62 °C to 37 °C with the increase in spacer length from C5 to 

C13. A similar approach was used to determine the influence of cross-link density on the Tg. The Tg 

was controlled by varying the functionality factor fav using pimelic acid (PiA) (C7 spacer) or sebacic 

acid (SeA) (C10 spacer) with 1,3,5-pentanetricarboxylic acid. The Tgincreased from 36 °C (SeA) and 

50 °C (PiA), to a value of 93 °C for the system with trifunctional PTCA as only carboxylic acid. 
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Goals of research 
The goal of this project is to develop and characterizehigh-performance bio-based coatings using 

oxazoline chemistry. To achieve this, the monomer 2,5-bis(2-oxazolin-2-yl)furan will be synthesized 

and utilized in the ring-opening polyaddition reaction with various renewable co-monomers. 
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Introduction. 
At this moment in time, a world without polymers is unimaginable. Plastics are used everywhere 

around us and are part of everyday life. The building blocks for these materials are still mostly found 

in oil-based feedstock. However, global warming, the expected depletion of fossil fuel, and the 

increasing oil price make it undesirable to continue the use of petroleum-based feedstock for the 

conversion of energy and the production of polymeric materials.1 Fortunately, nature provides us with 

an array of compounds that can be used as, or converted into, building blocks for the production of 

polymers.  

The objective of this study is to develop and characterize high-performance polymers for coating 

applications which can be used at temperatures above 170 °C. It should be noted that these materials 

are conventionally produced from non-renewable, aromatic monomers viz. terephthalic-, or isophtalic- 

acid. Fortunately, potential replacements can be found in bio-mass derived monomers such as vanillic 

acid, p-hydroxybenzoic acid, and 2,5-furandicarboxylic acid (2,5-FDCA).2 The last mentioned, 2,5-

FDCA, will be used as the bio-based component for the preparation of polymers in this project. 

The pathway that is selected to achieve the previous mentioned goal comprises the use of oxazoline-

chemistry. This type of chemistry is long-known in literature,Wiley et al.3 wrote the first review about 

the chemistry of oxazolines in 1948 and the ring-opening mechanism of oxazoline moieties was 

proposed in 1950.4 Furthermore, various comprehensive reviews about the polymerization of 

oxazolines were written by several authors.5,6 The homo- and co- polyaddition reactions of various 2-

substituted oxazoline and bisoxazoline monomers were extensively studied byLustoň et al.7–12 

Interestingly, no studies concerning the ring-opening polyaddition reaction of renewable 2,5-FDCA-

based bisoxazolines have been found in literature. Nonetheless, these compounds are highly 

interesting since they will yield bio-based polymeric materials in the ring-opening polyaddition 

reaction with various biomass derived co-monomers. 

In this study, 2,5-bis(2-oxazolin-2-yl)furan (2,5-FDCAox) is synthesized and its usage as monomer in 

the ring-opening polyaddition reactions with various di-, or tricarboxylic acids is described. 

Furthermore, the effect of catalyst, monomers ratio, reaction time and reaction temperature on the 

polyaddition reaction of 2,5-FDCAox with sebacic acid are investigated. The usage of monomers 

containing the furan moiety is chosen since its rigid nature is expected to contribute to the formation 

of rigid materials with improved glass transition temperatures.For this reason, the glass transition 

temperatures of the obtained polymers are studied as a function ofcross-link density and the variation 

in spacer-length of the dicarboxylic acid. Furthermore, a comparison with non-renewable counterparts 

is made, and lastly, coatings of these systems are prepared and characterized. The characterization of 

the prepared polymers is performed using proton nuclear magnetic resonance (1H NMR) 
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spectroscopy, elemental analysis, dynamic mechanical analysis (DMA), Fourier transformed infrared 

spectroscopy (FTIR) and differential scanning calorimetry (DSC). 

In this report a theoretical background is presented comprising the important subjects with respect to 

this project viz. bio-based monomers, cyclic imino-ethers and possible applications of the obtained 

materials. Followed by the experimental section in which used materials and methods are presented. 

Finally, the results, conclusions, and outlook are presented in the last three chapters. 
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1. Theory 
In this chapter a theoretical background will be given on different subjects that are of great 

importance in this project. Subjects that are described are: bio-based monomers, cyclic imino ethers 

and applications of formed polymeric materials. 

1.1 Bio-based monomers 
Monomers derived from renewable resources have gained enormous interest in the field of polymeric 

materials. Bio-based monomers will be used in this study and for that reason it is an important topic 

which is elaborated more extensively. 

1.1.1 General background of bio-based monomers 

The plastic production today only consumes about 5% of the total annual oil consumption. However, 

it is of great importance that other resources are employed, since the demand for plastics will increase 

dramatically over the next years.13In the ongoing search for renewable resources for fuels, chemicals 

and plastics, twelve sugar-derived building blocks have been selected by the U.S. Department of 

Energy14 and are presented in Table 1.1. These building blocks are also considered to be platform 

compounds, which can be converted to various other monomers by different routes. 

Table 1.1. Sugar-based building blocks 

Building Blocks 

1,4-diacids (succinic, fumaric andmaleic) 

2,5-furandicarboxylic acid 

3-hydroxy propionic acid 

aspartic acid 

glucaric acid 

glutamic acid 

3-hydroxbutyrolactone 

glycerol 

sorbitol 

xylitol/arabinitol 
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1.1.2 2,5-Furandicarboxylic acid 
In recent years 2,5-Furandicarboxylic acid (2,5-FDCA) and other furan-based monomers became 

commercially available.15 In this study,2,5-FDCA wasselected for its renewable character and its rigid 

nature.The rigidity of 2,5-FDCA is expected to positively contribute to polymeric materials properties 

such as the glass transition temperature (Tg). 

1.1.2.1 Synthesis of 2,5-Furandicarboxylic acid 

Various methods for the production of 2,5-FDCA are described in literature. Gandiniet al.16–18 

reported that 2,5-FDCA can be obtained from the catalytic conversion of furfural or 5-

hydroxymethylfurfural (HMF).HMF is a renewable compound and derivable from various bio-based 

carbohydrate containing structures such as glucose, fructose and starch.19Moreover, gold20–23 

cobalt24and platinum25catalysts were proven to be successful in the conversion of HMF or fructose 

into 2,5-FDCDA in good yields. In addition, the company Avantium produces 2,5-FDCA on 

industrial scale via a route developed by Muñoz de Diego et al.26 They recognized the greater stability 

of the ether derivatives of 5-hydroxymethylfurfural (HMFE) in comparison with 5-

hydroxymethylfurfural (HMF), which provides improved production routes.As raw materials 2,5-

alkoxymethyl furfural or 2,5-bis(alkoxymethyl)furan are utilized and converted into 2,5-FDCA by 

oxidation (Scheme 1.1). They discovered that 2,5-FDCA could be produced if a cobalt and/or 

manganese catalyst was used together with a source of bromide. Furthermore, the ratio of 2,5-

FDCAto its esters which is obtained depends on the reaction conditions and the yield of 2,5-FDCA 

and 2,5-FDCA-esters combined can be as high as 70 – 85 % via this route. 

O
O O

CH3 Catalyst O
HO OH

O O

 

Scheme 1.1.Oxidation of 5-(methoxymethyl)furfural to 2,5-FDCA. 

1.1.2.2 2,5-Furandicarboxylic acid in polymers 

The application of 2,5-FDCA in polymeric materials has been growing over the last decades. Several 

studies concerning 2,5-FDCA-based polyesters comprising both aliphatic and aromatic diols 

werereported by Moore and Kelly in the late seventies.27–29Various authors wrote about fully 

renewable polyesters based on 2,5-FDCA. For example,Gubbels et al.30 showed the reaction of 2,5-

FDCA with 2,3-butanediol yielded renewable polyesters which are suitable for coating applications, 

while Storbeck and Ballauf31 comprised dianhydrohexitols in their study.In addition, 2,5-FDCA is 

also used as a monomer in the preparation of thermotropic as described by Costa, Vriesema and 

Wilsens.32–35However, the greatest potential of 2,5-FDCA today is seen as monomeric material in the 

manufacturing of poly(ethylene furanoate), PEF.36Moreover, PEF is seen as possible bio-
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basedreplacement for the non-renewable poly(ethylene terephthalate) which is used at large scale in 

the production of soda-bottles.Several studies describe improved material properties viz.heat 

deflection temperatures, Tg, and barrier properties of PEF in comparison with PET.36–38Furthermore, 

various aliphatic and aromatic polyamides based on 2,5-FDCA are described in literature.39–42It is 

found that amorphous polyamides with low crystallinities are obtained if aliphatic diamines are used. 

On the contrary, terephthalic acid (TA) or isophtalic acid (IA)-based polyamides show high 

crystallinities and rapid crystallization. Additionally, Trikiet al.67 prepared furan-based poly(ester 

amide)s by the simultaneous polyesterification and polyamidation of diethyl 5,5'-(propane-2,2-diyl)-

bis(furan-2-carboxylate) with 1,6-hexanediamine and excess 1,2-ethanediol. The obtained polymers 

were amorphous and showed an increasing Tg with increasing amount of amide groups. In this study 

we plan to develop furan based poly(ester amide)s by employing 2,5-bis(2-oxazolin-2-yl)furan (2,5-

FDCAox) in the ring-opening polyaddition reaction with dicarboxylic acids. 

1.2 Oxazolines 
As has been described in the previous section, various methods to incorporate furan moieties in 

polymers exist. However, to our best knowledge, no furan-based poly(ester amide)s are produced via 

the ring-opening addition reaction of bisoxazolines with dicarboxylic acids. Nevertheless, this seems 

an interesting approach and is therefore used in this project. For that reason, some relevant 

information about oxazoline chemistry is described in the following section. 

1.2.1. General background on 2-substituted oxazolines 
Cyclic imino ethers (CIE) are hetero cyclic rings containing an imino ether (–O-C-N-) linkage.6 The 5 

to 7 membered ring structures can be employed as monomers in various polymerization reactions.5 

Figure 1.1 shows a schematic representation of the CIE structure.  

O N

R

(CH2)n n=0,1,2  

Figure 1.1. Schematic representation of the cyclic imino structure 
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Oxazolines are the 5-membered ring structures which can havea double bond in position 2, 3 or 4 

(Figure 1.2). 

O N

R

O N

R

O NH

R

R
R R

R

R

R
R

R

R

R R
 

Figure1.2.Schematic representation of 2-, 3-, and 4-oxazoline. 

 

The 2-substituted oxazoline with the double bond in second position (systematic IUPAC name: 4,5-

dihydrooxazole) is most investigated. Several reviews about the chemistry of cyclic imino ethers were 

written, which provide a comprehensive overview of possible monomer synthesis, reactions with 

various species and applications of formed materials.5,6,43 Both linear and cross-linked systems can be 

obtained depending on the reaction conditions.  

1.2.2 Monomer synthesis of 2,5-bis(2-oxazolin-2-yl)furan 

In this study the preparation of polymeric materials by ROP of oxazolines is investigated, therefore, 

monomer residues containing at least two oxazoline-rings are necessary. The monomer 2,5-bis(2-

oxazolin-2-yl)furan (2,5-FDCAox), which is used in this study, is not commercially available, hence 

the synthesis of this compound is required. Lustoň et al.12 studied the ROP of bis-oxazoline with a 

biphenyl structure. They developed a route to synthesize bisoxazoline-based monomers based on a 

biphenyl linker. In this study, a similar approach for the preparation of 2,5-bis(2-oxazoline-2-

yl)furan(2,5-FDCAox) is used. A schematic overview of the reactions leading to the desired monomer 

is presented in Scheme 1.2. 

O
HO

O
OCl

O
O

N
H

Cl

O

N
H

Cl
KOH, H2O
R.T.

+
S

Cl Cl

O DMF

+
Cl

NH3
+Cl-

O
O

N
H

Cl

O

N
HCl

DCM

MeOH, KOH
65 °C

O

O

O

OH ClO

O
OCl

ClO

N

O N

O

1

3

2

Ar, 80 °C

 

Scheme 1.2. The synthesis of 2,5-bis(2-oxazolin-2-yl)furan. 
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In the first step, 2,5-FDCA is converted to its diacid chloride by reacting 2,5-FDCA with thionyl 

chloride, catalyzed by dimethylformamide and under argon atmosphere. The use of the 2,5-FDCA-

baseddiacid chloride is preferred, because of its higher reactivity towards nucleophiles. The well-

understood mechanism is presented in Scheme 1.3.44 

R OH

O
O
S

Cl Cl

R O
H

O
S

Cl

ClO

- Cl-

- H+ R O
S

Cl

O O
+HCl

R O
S

Cl

O O

Cl
R O

S
Cl

O

Cl

O

R Cl

O
S
O

O

+ + Cl

 

Scheme 1.3. Reaction mechanism of the acid chloride synthesis.44 

 

The reaction starts with a nucleophilic attack of the carbonyl oxygen on the sulphur moiety within the 

structure of the thionyl chloride, yielding a tetravalent sulphur intermediate. A second intermediate is 

formed by expelling a chloride ion, which reforms the sulphur-oxygen π bond and thus a chloride is 

replaced by the acyloxy-unit of the carboxylic acid. In the following step the expelling chloride ion 

acts like a nucleophile and attacks the carbonyl group. Due to this nucleophilic attack, a tetravalent 

intermediate is formed in which a good leaving group (–SO2Cl) is formed. When this intermediate 

collapses, the desired acid chloride is formed along with SO2 and a chloride ion.  

In the second step the diacid chloride is converted to 2,5-bis(chloroethylamide)furan (2,5-ClEtAF). 

This is done by reacting the diacid chloride, which is dissolved in dichloromethane, with an aqueous 

solution of 2-chloroethylamine hydrochloride and KOH (Scheme 1.4).  

 

R Cl

O

Cl
N

H

H
R Cl

O

NH2

Cl

R N
H2

Cl

O

+ Cl-

R N
Cl

O

Cl

HH

R N
H

Cl

O

+ HCl

 

Scheme 1.4. Reaction mechanism of the 2,5-bis(chloroethylamide)furan. 
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Initially, the lone pair on nitrogen of the chloroethylamine performs a nucleophilic attack on the 

carbonyl of the acid chloride, which causes the formation of a negatively charged oxygen intermediate 

species. The oxygen-carbon double bond reforms and a chloride ion is expelled. The nitrogen has a 

positive charge which it loses by releasing a proton to the chloride ion.  

The final step is the ring-closing reaction of bischloroethylamide after which the desired bisoxazoline 

is obtained. In this step bischloroethylamide is refluxed in methanol (MeOH) with KOH as HCl 

scavenger. The ring-closing mechanism is not well understood which can be concluded after a 

thorough examination of relevant literature. In Scheme 1.5, a mechanism is presented which is 

believed to be a logical possible mechanism.  

R N
H

Cl

O

NO

R
Cl-

H O N

R

+ HCl
R N

H

Cl

O

A

B

 
Scheme 1.5. Proposed reaction mechanism of the ring-closing reaction of oxazoline. 

 

As can be seen in Scheme 1.5, two resonance forms of the amide group exist in a ratio of 2:1.The 

ring-closing reaction starts from resonance form B. Moreover, the carbonyl oxygen atom performs an 

intramolecular nucleophilic attack on the partially charged carbon atom adjacent to the chlorine atom. 

During this reaction the chlorine molecule is expelled and the ring is closed. However, the obtained 

molecule comprises an charged nitrogen atom. The chlorine ion acts as base in this reaction and picks 

up the proton which leaves the nitrogen atom uncharged and the desired oxazoline molecule is 

obtained. In addition, is possible that KOH, besides neutralizing the formed HCl, has a catalytic 

function in which it could abstract the proton from nitrogen. As is mentioned before, no references to 

validate this mechanism were found. 

1.2.3 Polymerization of 2-substituted oxazolines and bis-oxazolines 
Different techniques can be employed to polymerize 2-oxazolines and bis-2-2’-oxazolines in both 

homo- and co-polymerizations.5 The techniques which received most scientific interest arethe ring-

opening polyaddition (ROP) and cationic ring-opening polymerization (CROP). Both polymerization 

approaches will be elaborated on, but ROP will be explained in more detail because this study 

concerns this polymerization approach. 
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1.2.3.1 Cationic ring-opening polymerization 

Cationic ring-opening polymerization (CROP) is long known in polymerization chemistry of 

oxazolines, Litt et al.45 described the technique in a patent application in 1966. This polymerization 

technique is used to make polyoxazolines (POZ) which are incorporated in a great diversity of 

applications. POZ are used in drug delivery systems,46 as nonionic surfactants,47 coatings,48 and other 

applications.47 A major drawback for CROP of 2-substituted-2-oxazolines were the long reaction 

times for some of the monomers of this type. Wiesbroeck et al.49 showed that the reaction rate was 

increased tremendously by microwave assisted polymerization using 2-ethyl-2-oxazoline. In scheme 

1.6, a schematic representation of the reaction mechanism is shown, using 2-ethyl-2-oxazoline as 

monomer with acetyl halide as inititor.50 

O

X
O N O N O

x

O N

x

N

O

N
HO

O

O

O

n

n

+ Inititation

O N O

x
+O N Propagation

O N
x

N

O

O

n Termination
OH

 
Scheme 1.6. CROP reaction mechanism of 2-ethyl-2-oxazoline as monomer with acetyl halide as 

initiator.50 

The reaction is initiated by the acetyl halide, which is an electrophile. This initiation reaction forms a 

cationic oxazolinium-ion in which the C-O bond is weakened. Propagation takes place via a 

nucleophilic attack of a monomer molecule onto the C-O bond. The polymerization reaction can be 

terminated by a nucleophilic terminating agent which enables end-capping.50The possibility of 

introducing end-group functionality by this method can be highly interesting for coatings, adhesives 

and composites. If no termination or chain transfer occurs, this polymerization technique has a living 

character, which makes it suitable for block copolymer formation.  

1.2.3.2 Ring-opening polymerization 

In the first step the oxazoline-ring is opened by an acid-group. Goldberg and Kelly proposed a rational 

mechanism for this reaction in their study on the addition reaction of hydrogen sulfide to 2-

phenyloxazoline.51 The position of the ring-opening is influenced by internal factors 

(e.g.stereochemical or electromericstrain), as well as by external contributions (e.g. stabilization of the 

intermediate forms by a solvent and availability of protons).Fry4 used this concept, which uses ionic 

intermediate equilibrium i.e. oxonium-ammonium equilibrium, to show the ring-opening by organic 
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acids and acid chlorides (Scheme 1.7).These ionic species are stable as long as they are below the 

energy state which is necessary to add to the carbon atom in position 5. In the polymerization reaction 

they are not stable since the elevated temperature provides sufficient energy.  

O N
R2 OH

O
O NH

R2COO-
RR

R N
H

O
O

R2

O

+1 2 3
45

O NH
R2COO-

R

 

Scheme 1.7.Ring-opening polymerization of oxazoline reacted with carboxylic acid.4 

 

The acid group donates its proton to the nitrogen in position 3, which becomes positively charged by 

losing an electron to the hydrogen. Subsequently, a rearrangement occurs whereby a delocalized 

double bond is formed which leaves a positive charge between positions 1 and 3. In this intermediate 

compound, the positive charge has an electron withdrawing effect on the carbon atoms in positions 4 

and 5. The nitrogen atom is participating in three covalent bonds, hence it is less electron withdrawing 

than the oxygen atom which results in higher electron deficiency at the carbon in position 5 than in 

position 4. As a consequence, the carboxylate anion performs nucleophilic attack on the carbon 

adjacent to the oxygen atom and the ring opens between position 1 and 5 yielding an ester amide. 

When reacting two bi-functional co-monomers in a polyaddition reaction, one would expect to form a 

linear polymer chain. However, in the ring-opening polymerization reaction of bisoxazoline and bi-

functional dicarboxylic acid as monomers, a cross-linked poly(ester amide) network is obtained. 

Sano52 described in his paperthat the oxazoline-ring can undergo a ring-opening reaction in which it 

uses the amide group as proton donor, and thus forming branches or cross-links. The cross-linked 

material is thus formed in a two-step reaction, these reactions are schematically presented in Scheme 

1.8.  
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Scheme 1.8. Schematic representation of ROP of 2,5-FDCAox with dicarboxylic acid. 

 

The cross-linking reaction (Scheme 1.8) proceeds via a similar route as the primary, linear chain 

forming reaction. In this reaction an oxazoline-ring follows the same reaction mechanism, with the 

proton of the amide-group instead of a proton from a carboxylic acid-group. However, the acidity of 

the proton from the carboxylic acid group is greater compared to the proton of the amide unit.For this 

reason, the rate constant of this second reaction is about hundred times lower than that of the primary 

reaction.9 When employing triphenylphosphite (TPP), depicted in Figure 1.3, as catalyst in the 

reaction the cross-linking reaction will occur on an appreciable scale. 

P

O

O O

 
Figure 1.3. Triphenyl phosphite. 
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1.2.4 Applications 
Scheme1.9 is reprinted from the excellent review by Culbertson6 and presents the possible reactions in 

which the oxazoline units can take part. 

O N

R'

C
.A

cid  chl o rid e
Th

iol

Phenol

Thiophenol

Alky l  h alid e

A
m

in
e

Al
co

ho
lAmide

Carb. acid

Thio acid

Amide

Phenolic ether-amide

Amide

Amide
Amino-amide

Ester-amide

Ether-amide

Amide

Amide

Amide

 
Scheme 1.9. Oxazoline reactions.6 

 

Lustoň et al.7–12 described the co-polymerization of different bisoxazolines with various co-monomers 

in a series of studies. The polymerization reaction of bisoxazolines with diacids, which yields 

poly(ester amide)s, is the most widely studied.9,10,12,52-55 Thiols can be used in oxazoline-chemistry 

viadifferent routes. Wehrmeister56 produced N-arylmercaptoalkyl amides by the reaction of aromatic 

thiols with oxazolines.Furthermore, thiols can be used to cross-link poly(2-oxazolines) which yields 

materials that can be used as hydrogels.57 Bisphenols and dithiophenols in reaction with bisoxazolines 

via ROP form poly(ether amide)s and poly(amide sulfide)s,58 respectively. Rosnati et al.59 reported 

that reactions with amines proceed in various ways depending on reaction conditions.Alkyl halides in 

reaction with oxazolines produce salts, in a similar fashion these alkyl halides are employed in CROP 

as initiator.43 Primary-amines are able to form amino-amides in reaction with oxazolines or 

poly(amino-amide)s in reaction with bis(oxazolines).60 Thermosets can be formed by the reaction of 

polyols and bisoxazolines under suitable conditions.6 

1.3 Coating 
Coatings are used in many different applications and are mostly used for their protective or esthetic 

properties. Examples of coatings are, decorative coatings, industrial coatings and automotive coatings. 

Over the last few years, coatings with interesting properties such as hydrophobicity, self-cleaning or 

self-healing properties have gained a lot of interest.Coatings can be categorized in various ways of 

which one is the application method. Various application methods exist viz. solvent or water-borneand 

powder coatings, of which each approach has advantages and disadvantages. The main difference is 

the amount of volatile organic compound (VOC) used in the coating formulations. Moreover, the 
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solvent-borne approach has the advantages that it is a very versatile application method which can be 

used in various types of coatings. However, the amount of VOC is a considerable disadvantage since 

these VOC are mostly not environmental friendly and can cause health-issues to the person who 

applies them.The solvent-borne coatings have the advantages that the amount of VOC is limited and 

they are easy to apply. Drawbacks are that limited resins can be used in these systems and that the 

resulting coating is sensitive to moist. Lastly, powder-coatings are VOC emission free and yield high 

Tg coatings but their use is limited to few substrates since high curing temperatures are required. 
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2. Experimental section 

2.1 Materials 
2,5-Furandicarboxylic acid (2,5-FDCA) was obtained from Atomole.Adipic acid (AdA), Pimelic acid 

(PiA), Sebacic acid (SeA), Dodecanedioic acid (DdA), tridecanedioicacide (TdA) (recrystallized prior 

to use), 2-chloroethylamine hydrochloride (ClEtAmHCl), triphenylphosphite (TPP), thionyl chloride 

(SOCl2), sodium hydroxide (NaOH) and potassium hydroxide (KOH) were purchased from Sigma 

Aldrich.Suberic acid (SuA) was bought from Acros and Glutaric acid was obtained from 

Merck.Irganox 1330 (IRG) was a kind gift from Ciba Specialty Chemicals.Deuterated dimethyl 

sulfoxide (DMSO-d6, 99.9% atom D) was acquired from Cambridge isotopes.Azelaic acid and 

undecanedioic acid were bought fromTakeda Chemical Industries. Methanol (MeOH), 

dichloromethane (DCM, dried over Al2O3), dimethylformamide (DMF) and N-methyl-2-pyrrolidone 

(NMP) were obtained from Biosolve. All chemicals were used as received unless as stated otherwise.  

2.2 Analytical methods 
Proton nuclear magnetic resonance (1HNMR) spectroscopy was performed on a Brucker Avance III 

spectrometer at 25 °C at a resonance frequency of 400.167 MHz. For 1HNMR experiments, the 

spectral width was 6402 Hz, the acquisition time was 1.998 s, delay time was 3 s, and the number of 

scans was equal to 16. Samples were prepared by dissolving 5–10 mg of monomer or polymer in 0.5 - 

1 mL dimethyl sulfoxide (DMSO-d6). Chemical shifts were reported in parts per million relative to 

the signal of trimethylsilane (TMS) used as the internal reference, present in the DMSO-d6. Data 

analysis was performed using MestReNova software.  

For the determination of the degree of branching, 1HNMR spectroscopy was used. Samples of the 

material were dissolved at a concentration of 20 mg/mL. Using the integral values of various 

resonances present inthe 1HNMR spectra of these materials and by applying the following formulas, 

the degree of branching (DoB) could be determined. 

(1) FX = FA – FC – FD 

Where FX, FA, FC and FD are amount branches and the integral values (corrected for the amount of 

protons) of the protons originating from furan residues, oxazoline units and the secondary amide 

groups, respectively. Using the amount of branches (FX) and the following relationship the DoB could 

be determined. 

(2) DoB = 𝐹𝑋
𝐹𝑋+𝐹𝐷

 

In which the DoB, FX and FD are the degree of branching, amount of branches and the integral value 

of the secondary amide units, respectively. 
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Differential scanning calorimetry (DSC) was performed using a DSC Q100 from TA Instruments. The 

in-situ polymerization and characterization were performed usingheating and cooling rates of 10 or 20 

°C/min under a nitrogen rich atmosphere. Polymerizations were performed by keeping the sample 

isothermal at the desired reaction temperature for one hour followed by a cooling cycle to –50 °C. The 

glass transition temperatures were determined from the first heating run recorded from -50 °C to 220 

°C. 

Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800 V7.5. The 

measurements were carried out from -50 °C to 200 °C with a heating rate of 2 °C/min, a frequency of 

1 Hz, and an amplitude of 10 µm. Tg values were obtained from the maximum in the tan δ trace. 

Samples were prepared via the route described in small scale polymerization in an oven and reshaped 

to the correct dimensions using two parallel mounted razor blades. 

Fourier transform infrared spectroscopy (FTIR) was performed using a Bio-Rad FTS6000 equipped 

with a Golden Gate attenuated total reflection (ATR) accessory, Int. Line WB MCT detector and 

KRS-5 polarizator. A golden gate set-up with a maximum usage temperature of 300 °C was employed 

to perform isothermal kinetics experiments between the temperatures of 150 °C – 230 °C. Spectra 

were obtained in the range 4000 – 650 cm-1 using a time resolution of 1.995 s and a spectral resolution 

of 4 cm-1.  

The coating performance was analyzed using various techniques listed as follows: Coating 

thicknesses were measuredusing magnetic induction coating thickness gauche (LD0400 by 

Thermimport Quality Control). The reverse impact test was performed by dropping a weight of 1 kg 

from a controlled height of 100 cm on the backside of the coated panels and the pencil hardness test 

was performed by scratching the obtained coating with pencils of increasing hardness. Chemical 

resistance was determined by the acetone double rub test in which the material is rubbed back and 

forth (double rubs) by a acetone drenched cloth 100 times; if the coating is not observable damaged, it 

has a good acetone resistance.  

2.3 Synthetic methods 
Synthesis of 2,5-bis(2-oxazolin-2-yl)furan  

2,5-furandicarboxylic acid(16.4 g, 0.105 mol) was reacted with an excess of thionyl chloride (32 mL, 

0.44 mol), in the presence of a catalytic amount of dimethyl formamide in a 250 mL three-neck flask. 

A condenser was connected to the flask to allow refluxing of thionyl chloride and the reaction was 

conducted under an inert Argon atmosphere.The reaction was performed at 80 °C using an oil-bath. 

The released gaseous sulphur dioxide (SO2) and hydrochloric acid (HCl) were passed through an 

aqueous potassium hydroxide solution, neutralizing the hydrochloric acid. The reaction was allowed 

to reflux for 4 hours under stirring using a magnetic stirring bar after which the reaction mixture was 
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cooled to 0 °C using an ice-bath followed by removal of excess thionyl chloride under reduced 

pressure.  

The formed 2,5-furandicarboxylic diacid chloride (2,5-FDCACl) (20.26 g, 0.105 mol) was dissolved 

in anhydrous dichloromethane (150 mL) (solution 1) and reacted with an aqueous solution of 2-

chloroethylamine hydrochloride salt (24.4 g, 0.21 mol) and sodium hydroxide (NaOH) (16.4 g, 0.41 

mol) (solution 2). This reaction was performed by the dropwise addition of solution 1 to solution 2 in 

a 250 mL round-bottom flask at room temperature under vigorous stirring. The interfacial reaction 

was allowed to continue for 2 hours after which the white crystals were obtained by filtration. The 

desired 2,5-bis(chloroethylamide)furan was obtained as white crystals which were dried overnight 

under reduced pressure at 40 °C. 

Dried 2,5-bis(chloroethylamide)furan (15.22 g, 0.055 mol) and sodium hydroxide (4.8 g, 0.12 mol) 

were dissolved in methanol (MeOH, 45 mL) in a 250 ml round-bottom flask, and were allowed to 

reflux for 3 hours. During the reaction white crystals precipitated. After the reaction had finished the 

methanol was evaporated under reduced pressure at 50 °C using a rotary evaporator. The obtained 

crystals were washed three times with a total of 100 mL water and isolated using a Buchner funnel. 

The 2,5-bis(2-oxazolin-2-yl)furan (2,5-FDCAox)was obtained as needle-like, white crystals with an 

overall yield of 64.8%. 

1H-NMR (400 MHz, DMSO-d6, δ, ppm): 7.1 (s, 2H, protons from the furan ring), 4.35 (t, 4H, 

NCH2CH2O), 3.92 (t, 4H, OCH2CH2N). Elemental analysis for C10H10N2O3calculated: 58.25% C, 

4.89% H, and 13.59% N, found: 58.19% C, 4.82% H, and 13.58% N. 

Small scale polymerizations 

Preparation: 

Sebacic acid was used as co-monomer and triphenylphosphite was used as catalyst in every 

polymerization unless stated otherwise. The 2,5-bis(2-oxazolin-2-yl)furan (0.1 g, 0.48 mmol) and 

sebacic acid (0.043 g, 0.21 mmol) monomers andirganox 1330 (1.5 mg, 1 wt%) were mixed. 

Triphenylphosphite (1.5 mg, 1 wt%) was added to the solid mixture and the crystals were grinded and 

homogenized using a ceramic mortar and pestle.  

Polymerization in a heating bath: 

The reaction mixture was loadedinto a vial which was closed using a screw-cap. Subsequently, the 

vial was immersed into a molten salt- or oil-bath which was preheated to 200 °C and the mixture was 

allowed to react for 60 minutes. After the reaction the obtained polymer was cooled and separated 

from the vial. All small scale polymerization reactions were carried out using a similar method. 
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Polymerization in an oven: 

The reaction mixture was placed between two Teflon sheets and loaded into an oven, which was 

preheated to 200 °C under a Nitrogen rich atmosphere. A preheated weight was placed on top after 

one minute of the polymerization. The polymerization was continued for 60 minutes after which the 

polymeric material is removed from between the two sheets. The analysis of the materials was 

performed on the crude polymers. 

Preparation of solvent-borne coatings. 

The previously synthesized 2,5-bis(2-oxzaolin-2-yl)furan was cured with sebacic acid catalyzed by 

triphenylphosphiteusing the following procedure: A solution was prepared by dissolving 2,5-bis(2-

oxzaolin-2-yl)furan (139,28 mg, 0.675 mmol), sebacic acid (60,72 mg, 0.3 mmol) and 

triphenylphosphite (10 mg, 5 wt%) in 0.6 mLN-Methyl-2-Pyrrolidone at a temperature of 100 °C. 

This solution was subsequently applied to preheated Q-panels using a coating applicator frame with a 

spacing of 120 µm. Lastly, these coatings were cured by heating the coated panels in an oven at 200 

°C for 1 hour under a nitrogen rich atmosphere. 
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3. Results and discussion 

The results described in this chapter can be divided in five main categories starting with the synthesis 

and characterization of the 2,5-bis(2-oxazolin-2-yl)furan (2,5-FDCAox)shown in the first paragraph. 

The optimal reaction conditions for the ring-opening polyaddition reaction of 2,5-FDCAox with 

sebacic acid (SeA) were determined andare presented in the second paragraph. Furthermore, the 

optimal reaction conditionsfound in the second paragraph were employed to prepare and characterize 

solvent borne coatings, based on the curing reaction of 2,5-FDCAox with SeA. Next, the effects of 

different comonomers on the glass transition temperature (Tg) of the obtained polymerswere 

determined and are described in the fourth paragraph.Last, the comparison of FDCAox with 

phenylene-based oxazolines ispresented in the final section of this chapter. 

3.1 Monomer synthesis 
The method used to prepare the 2,5-FDCAox was based on the synthetic route utilized by Lustoň12 in 

their study concerning biphenyl-based bisoxazolines.The 2,5-FDCAox was successfully synthesized 

according to the procedure listed in the experimental section and was obtained as white crystals with a 

yield of 64.8%. Analysis via proton nuclear magnetic resonance (1H NMR) spectroscopy and 

elemental analysis indicated that the synthesis yielded the desired 2,5-FDCAox with high purity. In 

Figure 3.1, a1H NMR spectrum of the obtained product, dissolved in deuterated dimethyl sulfoxide 

(DMSO-d6), is presented together with the chemical structure of 2,5-FDCAox. 

 

Figure 3.1.1HNMR spectrum of 2,5-FDCAox recorded in DMSO-d6 at room temperature. 

Thechemical structure of the 2,5-FDCAox is embedded in the figure for clarification purposes.  
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As depicted inFigure 3.1, the presence of the furanic protons is evidenced by the resonance labeled by 

A at a shift of 7.1 ppm. The protons from the methylene units in the oxazoline labeled by B and C are 

resonating at 3.92 ppm (-OCH2) and 4.35 ppm (-NCH2), respectively. Integration of the peaks 

revealed that the ratio between the different protons A:B:C is 1:2:2. The water which is represented by 

the signal at 3.4 ppm was most probably present in the DMSO-d6. If the conversion in the ring-closing 

reaction step was not completed, furan moieties with chloroethylamide residues would be 

present,which would result in additional resonances in the 1H NMR spectrum. However, no extra 

signals are present indicating that theproduct is obtained in a pure form. 

3.2 Reaction conditions 
As specified previously in this report, the aim of this study is to develop bio-based polymers for 

coating applications able to withstand temperatures exceeding 170 °C. To achieve this goal, it is of 

paramount importance that an understanding of the relevant reaction conditions for the polyaddition 

reaction of 2,5-FDCAox with SeA is obtained. For this reason, the effect of catalyst loading, molar 

ratio’s, reaction time,and reactiontemperature on the polyaddition reaction and the Tg of the prepared 

polymerswere determined and are reported in the following paragraph. 

3.2.1 Effect of catalyst on the branching reaction 
Sano52 reported that a branching reaction occurred when triphenyl phosphite (TPP) was used as a 

catalyst in the reaction of bisoxazolines with dicarboxylic acids at 200 °C. Interestingly, Néry et 

al.53,58 stated that no detectable branching-reaction occurred in the reaction of bisoxazolines with 

either carboxylic acid or bisphenol A, when performed at temperatures between 140 °C and 220 °C, in 

the absence of catalyst. This research indicates that linear chains are formed in absence of catalyst, 

whereas branching is promoted in the presence of TPP. Ideally, control over the degree of branching 

occurring during polymerization is desirable to influence the material properties of the obtained 

polymers.For this reason, the influence of TPP on the branching and polymerization reaction of 2,5-

FDCAox with dicarboxylic acid (i.e. SeA) was investigated. 

The influence of TPP on the branching reaction was determined for the polyaddition reaction of 2,5-

FDCAox with SeA. The monomers were used in a stoichiometric ratio and the reactions were 

performed at 200 °C using TPP contents varying from 0 wt% up to 10 wt%. The degree of branching 

(DoB) was determined from 1H NMR spectra of materials formed by the polyaddition reaction at 

different reaction times using formulas (1) and (2). In addition, FTIR spectroscopy was used to gain 

insight in the reaction kinetics using various amounts of catalyst at 170 °C. Furthermore, DSC 

analysis was employed to determine the Tg of the synthesized polymers.  

Figure 3.2 shows a representative 1H NMR spectrum and the corresponding structure of the poly(ester 

amide) obtained after the polymerization of 2,5-FDCAox with SeA in a molar ratio of 1:1 at 200 °C 
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for 1.5 minutes in the absence of a catalyst. Signal J, visible downfield at 11.9 ppm, originates from 

the protons of unreacted carboxylic acid end-groups from SeA. The resonance labeled D at 8.8 ppm is 

not present in the 1H NMR spectrum of 2,5-FDCAox (Figure 3.1) and is therefore ascribed to the 

proton of the amide group. Take note, this proton is only present in linear chains, which have not 

taken part in the branching reaction. The chemical shift of signal A at 7.2 ppm proves that the furan 

structure is maintained during the polymerization. The presence of peaks B (3.9 ppm) and C (4.2 

ppm), corresponding to the protons of the unreacted oxazoline rings, indicate that full conversion was 

not reached at 1.5 minutes of reaction time. The resonances F (4.1 ppm) and E (3.5 ppm) originate 

from the protons of the methylene groups located between the ester and amide group. The singlets at 

3.2 ppm and at 2.5 ppm represent water (H2O) and the residual solvent signal of DMSO. Resonances 

G (2.2 ppm), H (1.5 ppm) and I(1.2 ppm), are associated with the CH2 protons present in the SeA 

backbone. 

 
Figure 3.2.1H NMR spectrum of the poly(ester amide) formed by polymerizing 2,5-FDCAox with 

SeA in a molar ratio of 1:1 for 1.5 minutes at 200°C, in the absence of catalyst, recorded in DMSO-d6. 

Signal A of the protons in the furan ring, resonance C of the -NCH2 protons in the oxazoline ring and 

peak D of the amide proton were used to determine the extent of branching (using eq. (1) and (2)). 

During the reaction, the amount of the furanic protons should not change which makes this value 

suitable for use in the determination of the extent of reaction and the degree of branching. Table 3.1 

shows an overview of the results of the calculations based on the 1H NMR spectra. 
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Table 3.1. Degree of branching (DoB) in poly(ester amide) formed by the polyaddition reaction of 

2,5-FDCAox and SeA in a molar ratio 2,5-FDCAox:SeA of 1:1 performed at 200 °C in the presence 

or absence of catalyst, as function of reaction time. 

Reaction 
time 

DoBa Ring-openinga DoBa Ring-openinga 

 with catalyst withcatalyst w/o catalyst w/o catalyst 
[min]   [%]  [%]  [%]    [%] 

1.0 23.6 91.0 -d -d 
1.5 24.8b 97.0 3.4 90.5 
2.5 -c -c 2.4 92.5 
3.5 -c -c 2.0 93.0 
5.5 -c -c 1.4 95.0 
8.0 -c -c 2.0 93.0 

a) Determined from 1H NMR spectrometry. b) Not completely soluble in in DMSO-d6. c) Insoluble in 

DMSO-d6 . d) Reaction not performed.  

It is clear from the data presented in Table 3.1 that there is a substantial difference in the degree of 

branching and rate of ring-opening between the reactions with or without catalyst. Nonetheless, in the 

reaction without catalyst, a conversion of 90% is obtained after one minute of reaction at 200 °C. The 

materials formed in the presence of the catalyst at reaction times exceeding 1.5 minutes were 

insoluble in DMSO-d6. However, the samples showed swelling in DMSO-d6, which is indicative for a 

cross-linked system. Materials prepared without catalyst all dissolved in DMSO-d6, indicating that 

these systems were not cross-linked. The results obtained within the timeframe of this experiment are 

in good agreement with the observations of Néry et al.53,58 However, an insoluble polymer was 

obtained when the polymerization reaction is allowed to continue for 60 minutes in a vial at 200 °C 

without catalyst with a molar ratio of 2,5-FDCAox:Sea of 2.25:1. It can be concluded that branching 

does occur at long reaction times and sufficiently high reaction temperatures for systems with a large 

excess of 2,5-FDCAox and no catalyst. However, future experiments willbe conducted in the presence 

of TPP as a catalyst to control the formation of branches and to obtain cross-linked materials within 

reasonable curing times. 

The 1H NMR spectroscopic study showed that the branching reaction in the polymerization of 2,5-

FDCAox with SeA is significantly promoted by the presence of TPP. However, from these 

experiments no conclusions could be drawn concerning the influence of the used amount of TPP on 

the polymerization kinetics nor on the material properties (i.e. Tg). To obtain more insight on the 

effect of these parameters on the polymerization and polymer properties, Fourier transform infrared 

(FTIR) spectroscopy and differential scanning calorimetry (DSC) were used to follow the changes 

occurring in the system upon polymerization. The absorption band at 1417 cm-1, a characteristic band 

observed in the FTIR spectra of polymers synthesized in the presence of TPP, is believed to be a wag 
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vibration of a methylene group adjacent to a tertiary amide, is used follow the branching reaction. 

Tertiary amide groups are obtained only when branching occurs, hence, this vibration can be used to 

gain insight in the kinetics of the branching reaction. The FTIR spectra presented in Figure 3.3 clearly 

show the difference between the polymerization of 2,5-FDCAox with SeA (molar ratio 2.25:1) in the 

absence (Figure 3.3, left) or presence of TPP as catalyst (Figure 3.3, right).  

 

Figure 3.3. FTIR spectra obtained from the polymerization of 2,5-FDCAox with SeA (molar ratio 

2.25:1) at a temperature of 170 °C as a function of reaction time. The figure on the left shows the 

characteristic FTIR spectra obtained for a polymerization performed without catalyst, whereas the 

right figure shows the characteristic spectra obtained for a system catalyzed by seven wt% TPP. 

It can be seen that the absorption at 1417 cm-1 only arises in the spectrum obtained from the reaction 

of 2,5-FDCAox with SeA performed in the presence of TPP. The height of the peak is indicative for 

the amount of branching and develops over time. Moreover, the 1417 cm-1 resonance is normalized on 

the sp3C-H stretch vibration at 2930 cm-1 (originating from SeA)which is assumed to be constant 

during the reaction. This normalization allows us to compare different experiments and obtain insight 

in the influence of the amount of catalyst on the reaction kinetics.In addition, the signal at 1648 cm-1 

corresponds to the C=N stretch vibration present in an oxazoline moiety and is partially overlapped by 

the C=O stretch vibration at 1665 cm-1.The absorption band at 1625 cm-1 is typical for an tertiary 

amidic C=O stretch and therefore not present in the spectra obtained from the polymerization without 

TPP. Figure 3.4 depicts the normalized absorbance of the intensity of the vibration at 1417 cm-1 

versus reaction time obtained during the polymerization reaction of 2,5-FDCAox with SeA (molar 

ratio 2.25:1) at 170 °C using various amounts of TPP as catalyst. 
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Figure 3.4. Relative FTIR absorbance of the –CH2 wag vibration at 1417 cm-1obtained over time in 

the polymerization reaction of 2,5-FDCAox with SeA and varying TPP contents. The molar ratio of 

2,5-FDCA to SeA was 2.25:1 in all systems and the reactions were performed at 170 °C. 

The data in Figure 3.4 indicate that no significant increase in tertiary amide –CH2 wag is present upon 

polymerization in the absence of TPP, confirming the absence of branching. It can be seen that branch 

formation occurred at a relatively low rate upon the addition of one wt% of TPP as catalyst. 

Increasing the catalyst content to three wt% results in faster branching reaction, until a plateau 

absorbance ratio of 10 is obtained, indicating that the reaction is finished. A further increase in 

catalyst loading increases the rate of branch formation, but does not increase the plateau value or the 

total amount of branching. 

It can be concluded that the branching reaction is influenced by the amount of TPP until a maximum 

in reaction rate and amount of branching are reached at five wt% TPP. As has been explained in 

Section 1.2.3.2, two reactions occur simultaneously during polymerization; firstly the linear chain 

extension as a product of the reaction of a oxazoline residue with an acid group, and secondly, the 

branching reaction of an amide proton with an oxazoline unit leading to a cross-linked system. As a 

consequence, there is a maximum in the reaction rate of the branching reaction since it is in 

competition with the linear chain forming reaction. The maximum in total branch formation could 

originate from a deficiency of mobility in the system induced by an increase of the Tg value above the 

reaction temperature during the reaction. However, it is also possible that all oxazoline moieties have 

reacted and therefore completion of the reaction is achieved. From these results it can be concluded 

that addition of five percent TPP to the reaction is sufficient to promote maximum branching.  

DSC analysis was employed on the samples obtained after the in-situ FTIR polymerization and 

analysis of 2,5-FDCAox with SeA systems with varying amounts of catalyst, to determine the glass 

transition temperatures. Figure 3.5 shows the obtained DSC traces of the various samples obtained 

from the first heating run using a heating rate of 20 °C/min.  
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Figure 3.5. DSC traces of the first heating run performed at heating rate of 20 °C/min of the 

poly(ester amides) obtained afterthe reaction of 2,5-FDCAox (2.25 eq) with SeA (1 eq). All polymers 

were synthesized at 200 °C for 60 minutes using various amounts of TPP as catalyst. 

In the DSC trace of the material obtained from the ROP without use of catalyst, a clear glass transition 

can be seen at 37 °C. Adding TPP, which facilitates the branching reaction,leads to broadening and an 

increase of the Tg transition. Unfortunately, the broad transition did not allow us to quantify the glass 

transition temperature. However, the broad transition does indicate the cross-linking is not 

homogeneous, leading to domains with varying glass transition temperatures and cross-link densities.  

3.2.2 Effect of the monomer ratio on the polymerization 
In order to obtain polymers with a high molar mass from polyaddition reactions it is of great 

importance to maintain a stoichiometric ratio between the functionalities of the monomers. Both 

monomers in the polyaddition reaction of 2,5-FDCAox with SeA are bifunctional. However, as has 

been reported earlier, the 2,5-FDCAox monomer takes part in the catalyzed branching reaction in the 

presence of TPP and thus functions as a monomer with a functionality >2. For this reason, the effect 

of the molar ratio on the material properties was investigated using DMA and FTIR spectroscopy. 

The Tg of the polymers obtained from the by TPP catalyzed polyaddition reaction of 2,5-FDCAox 

with SeA was determined as function of the 2,5-FDCAox:SeA. The reaction were performed using 

monomer ratios ranging from 1:1 to 2.5:1, catalyzed by five wt%TPP, at a reaction temperature of 200 

°C and were allowed to react for one hour.The glass transition values were determined by the 

maximum in the tan δ traces obtained from DMA (Figure 3.6) and are presented in Table 3.2. 
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Table 3.2.Glass transition temperatures of poly(ester amide) prepared from the reaction of 2,5-

FDCAox with SeA at 200 °C for one hour, using different molar ratios catalyzed by 5 wt% TPP. 

Ratio 2,5-

FDCAox:SeA 

[mol:mol] 

Tg 1 

[°C] a 

Tg 2 

[°C] a 

1:1 58 - 

1.25:1 56 - 

1.5:1 58 99 

1.75:1 59 133 

2:1 50 131 

2.25:1 - 178 

a) Determined by maximum tan δ obtained via DMA 

 

Figure 3.6. The tan δ traces obtained from the DMA analysis of the materials prepared by the 

reaction of 2,5-FDCAox with Sea in various ratio’s. The reactions were performed at 200 °C using 

five wt% TPP as catalyst for one hour. 

From the data presented in Figure 3.6 andTable 3.2 it can be concluded that the samples which are 

produced with molar ratios 1:1 and 1.25:1 show only one transition at 58 °C or 56 °C, respectively. 

The material prepared using a monomer molar ratio of 2.25:1 show one transition as well, but at a 

significantly higher temperature of 178 °C. The polymers that show two transition temperatures all 

show a transition around 58 °C. It is believed that the transition from the single Tg at a temperature of 

58 °C(2,5-FDCAox: SeA 1:1) to the broad glass transition at 178 °C (2,5-FDCAox:SeA 2.25:1) was 

induced by increased branching which causesinhomogeneity in the system. The materials which show 

two transitions are probably partially linear and partially branched.For this reason, FTIR spectroscopy 
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was used to study the branching reaction in the system influenced by the variation of composition 

(Figure 3.7). 

 

Figure 3.7.Relative FTIR absorbance of the –CH2 wag vibration at 1417 cm-1obtained over time in 

the polymerization reaction of 2,5-FDCAox with SeA and varying monomer ratio’s. The TPP loading 

was equal to 5 wt% in all systems and the reactions were performed at 200 °C. 

The FTIR study was performed using a similar approach as previously described in the section 

concerning the influence of catalyst. Furthermore, the CH2 wag vibration at 1417 cm-1 which was 

normalized on the CH2 stretch vibration at 2930 cm-1is presented in Figure 3.6.It can be seen that a 

higher normalized absorbance intensity, which is indicative for branching, is obtained with increasing 

oxazoline content until a maximum is reached at a ratio of 2.25:1. As a result of the excess oxazoline 

content the branching reaction is promoted.  

In conclusion, a ratio of 2,5-FDCAox:SeA of 2.25:1 is the most suitable composition since the desired 

single Tg is obtained at high temperature caused by a cross-linked system. 

3.2.3 Varying the reaction time and temperature 
As is well known, the reaction temperature affects the reaction kinetics significantlyand influences the 

time required to achieve full conversion during polymerization. Furthermore, in order to obtain a high 

molar mass in a polyaddition reaction, a full monomer conversion is desired.Since the industrial 

production of coatings and polymer glasses is only feasible if they can be synthesized within a 

reasonable amount of time, insight in the effect of reaction time and temperature are required. For this 

reason, the effect of the reaction temperature and time on the branching reaction was determined 

using the previously described FTIR analysis method.  
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A similar FTIR spectroscopy approach used for the determination of the effect of catalyst has been 

used to determine suitable reaction temperature and time. The graphs in Figure 3.8 shows the relative 

growth of the amide C=O stretch absorption versus reaction time at different temperatures. 

Figure 3.8.Relative growth of the tertiary amide C=O stretch absorption at 1417 cm-1 during the 

polyaddition reaction of 2,5-FDCAox (2.25 eq) with SeA (1 eq) catalyzed by TPP, at various reaction 

temperatures as function of reaction time.TheleftFigure shows the complete experiment of 60 

minutes, whereas the right Figure shows a more detailed overview of the first 10 minutes. 

The data presented in Figure 3.8show a faster increase in the intensity of the normalized absorbance, 

which is indicative for a higher rate of amide formation. Lower reaction temperatures, viz. 150 °C and 

170 °C show a rather slow reaction, which is evidenced by the continuation of the reaction until 60 

minutes. When the polymerization was performed at 190 °C and higher, most of the reaction occurred 

within the first 10 minutes of reaction. In addition to the acceleration of amide formation with 

increasing temperature, it is also noticed that a higher maximum intensity of theCH2 wag absorption is 

present. This is suggestive for a higher amount of tertiary amide groups which relates to a 

higherdegree of branching or cross-linking. However, when reactions were performed at temperatures 

exceeding 170 °C, the maximum intensity of the absorption band at 1625 cm-1 decreased which is 

caused by sublimation of the 2,5-FDCAox resulting in a deviation from the determined stoichiometry. 

It is desired to obtain full conversion within a short timeframe without a significant loss of the 

oxazoline-based monomer.For this reason it is concluded that 200 °C is the most suitable reaction 

temperature, since it provides the highest reaction rate with only a limited amount of sublimated 

monomer. When employing a reaction temperature of 200 °C full conversion is almost obtained after 

10 minutes, hence a reaction time of 60 minutes is more than sufficient to obtain a fully cross-linked 

material. 
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3.3 Performance of Furan-based poly(ester amide) coatings 
As we have shown in the previous sections, cross-linked materials can successfully be obtained via 

the polyaddition reaction of 2,5-FDCAox and SeA in the presence of TPP at temperatures above 150 

°C. Moreover, the Tg value of the polymer glass having a composition of 2,5-FDCAox:SeA in a ratio 

of 2.25:1 was found to be 178 °C determined by DMA analysis. Since we aim to develop renewable 

coatings with a high glass transition temperature, curing experiments were performed on 2,5-

FDCAox:SeA systems with a 2.25:1 ratio and the mechanical performance of the obtained coatings 

was determined. 

Solvent-borne coatings were prepared by dissolving the 2,5-FDCAox, SeA and TPP in NMP at 100 

°C. The solutions were subsequently applied as wet coating to preheated aluminum panels which were 

thereafter cured at 200 °C in an oven under a nitrogen rich atmosphere. Since the solid content of the 

curing solutions was 25 wt%, and the targeted coatings thickness was 30 µm, a coating thickness of 

120 µm was applied. Preheating of the panels was necessary to prevent the monomers from 

precipitating prior to curing. Table 3.3 shows the thickness, impact performance, hardness and solvent 

resistance observed for the coatings obtained after curing. 

Table 3.3. Results of the curing experiments using 2,5-FDCAox and SeA as monomers catalyzed by 

TPP. 

Panel av. Thickness Impact  Pencil Solvent 
  [µm] testa hardness resistanceb 

1 26       
2 32    
3 34    
4  100/+   
5  100/+   
6  100/+   
7   2H  
8   2H  
9   2H  
10    100/1 
11    100/1 
12      100/1 

a Reverse impact test was performed at a dropping height 100 cm, + = good, +/- = moderate and – = 

poor; b Acetone double rub test: the performance of the coating after the acetone treatment was 

evaluated using numbers 1-5 where 1 = no damage and 5 = significant damage. 

It can be concluded from the data presented in Table 3.3that the coating application method was 

successful. All the prepared coatings are slightly yellow and transparent and have a thickness between 

26 and 34 µm, corresponding well with the targeted thickness of 30 µm. The obtained thicknesses are 
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sufficient to analyze the physical properties of the coatings.61 The reverse impact test method was 

used to define the fast deformation ability of the obtained coatings. The coatings did not crack nor 

show hazing (Figure 3.9), which would be indicative for micro-cracks. From this data it may be 

concluded that a flexible resin was obtained. This is probably attributable to the C10 linker of SeA. 

Moreover, it is expected that the flexibility will be reduced upon incorporating shorter dicarboxylic 

acids than the SeA used in these coatings. 

 

Figure 3.9. Furan-based coating after reversed impact test. 

The pencil hardness test is employed to evaluate the scratch resistance of the coating. The pencil 

hardness of the obtained coating was equal to 2H, which is rather soft. The network formation and 

solvent resistance was assessed by the acetone double rub test. There were no visible defects 

observable after 100 double-rubs neither did softening occur during the procedure. Therefore it may 

be concluded that the prepared coatings are sufficiently cross-linked. In addition, FTIR spectroscopy 

was used to confirm that a cross-linked system was obtained. Multiple FTIR spectra, depicted in 

Figure 3.10, are recorded from a single coating at different spots.  

 

Figure 3.10. The FTIR spectra obtained from the coating prepared by the curing reaction of 2,5-

FDCAox with SeA catalyzed by TPP, recorded at room temperature. The spectra represent the 

absorbance intensities of different areas at a single coating. 
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It can be seen in the FTIR spectra presented in Figure 3.10 that the absorbance band corresponding to 

the wagging vibration originating from a methylene group adjacent to a tertiary amide group is visible 

at 1422 cm-1. The shift in wavenumber from the previously reported 1417 cm-1 to 1422 cm-1 is 

probably related to the different environment in which the samples were prepared. Most importantly, 

the presence of this absorbance band is indicative for a branched structure and thereby supports the 

conclusion that a cross-linked system is obtained. The alikeness of the spectra indicates that the 

prepared coating has a rather homogeneous structure, unlike the previously described polymer glasses 

obtained via solvent free curing reactions.  

3.4 The effect ofthe co-monomer on the material properties 
In the previous sections, the polyaddition reaction of 2,5-FDCAox with SeA has been reported and 

solvent borne coatings have successfully been synthesized.It was shown that the Tg could be 

controlled by changing the TPP loading, reaction time and reaction temperature. However, another 

method to control the polymer properties is to vary the length and chemical composition of the 

dicarboxylic acid used to ring open the oxazoline groups. Hence, the effect of the spacer length in the 

diacid and the effect of cross-link density on the Tg of the obtained material were determined and are 

reported in the next section. 

3.4.1 Varying the aliphatic backbone length to tune the glass transition temperature 
Segments such as the rigid furan moiety and amide groups in the 2,5-FDCAox based poly(ester 

amide)s contribute largely to thermal properties such as the glass transition temperature. Moreover, 

the secondary amide groups have the ability to participate in hydrogen bonding which is known to 

enhancecrystallization. Hence, a variation of the ratio of rigid to flexible components in the system is 

an interesting method to tune the thermal properties. For this reason, the effect of the polymerization 

of 2,5-FDCAox with different dicarboxylic acids, having a backbone of 5 to 13 methylene groups, on 

the glass transition temperature has been investigated. The glass transition temperatures were 

determined throughin-situ polymerization and analysis in DSC for polymers containing a 2,5-

FDCAox to dicarboxylic acid ratio of 1 to 1 and are depicted in Figure 3.11.  
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Figure 3.11.Tg values of the polymers prepared by the polyaddition reaction (220 °C, one hour, no 

cat) of 2,5-FDCAox with diacids comprising various chain lengths. 

The polymerizations were performed in-situduring DSC analysis without catalyst, at 220 °C for one 

hour. The results presented in Figure 3.11 clearly show that the Tg value can be tuned by varying the 

aliphatic segment length in the backbone of the polymer. The transition temperatures decline 

alternating from 75 °C, obtained for polymers with glutaric acid (C5) as dicarboxylic acid, to 37 °C 

when employing tridecanedioic acid (C13) in the reaction. Additionally, this non-monotonic decline is 

commonly reported in literature for the melting temperature of crystalline materials and referred to as 

the odd-even effect whereby even membered systems have a higher melting temperature than their 

odd membered analogues due to packing effects.62,63 However, the odd-even effect is not frequently 

observed in glass transition temperatures since packing effects do not exist in amorphous materials. 

For example, Yang et al.64 reported that the odd-even effect in the glass transition oftheir amorphous 

networkswas induced by a difference in the molecular mobility for the different spacers present in 

their samples. Still, further research is necessary to determine the origin of this odd-even effect 

observed for the glass transition temperatures in the poly(esteramide)s synthesized in this study. The 

incorporation of different dicarboxylic acids proves to be a suitable method to control the Tg value of 

the produced polymers. In addition, it is anticipated that not only the thermal properties but also the 

mechanical properties can be tuned by this variation in aliphatic chain content. As shown in section 

2.1, other functionalities can be incorporated into the system, hence it is likely that the thermal 

properties can be tuned by varying the monomer content. 

Another route to control material properties is by varying the cross-link density. Experiments have 

been performed to investigate the effect of cross-link density on the glass transition value and are 

presented in the next section. 

37 
 



3.4.2 Controlling the cross-link density using multifunctional carboxylic acids 
In a previous part of this study we have investigated the possibility to develop cross-linked materials 

obtained via the TPP catalyzed branching reaction in the polymerization of 2,5-FDCAox with a 

dicarboxylic acid. As previously described in section 3.2.1, the systems obtained via this route show 

abroad glass transition temperature range from which few conclusion can be drawn. Another, more 

commonly used, method to prepare polymer networks is the incorporation of co-monomers with a 

functionality of three or larger in the polyaddition reaction. Furthermore, the cross-link density can be 

controlled by varying the functionality factor (fav). This approach has been adapted to evaluate the 

effect of the cross-link density on the Tg value of the 2,5-FDCAox based polymers. Besides 2,5-

FDCAox and SeA, the trifunctional 1,3,5-pentanetricarboxylic acid (PTCA) and Pimelic acid (PiA), 

both depicted in Figure 3.12, were used co-monomer in this study. These acids were selected based on 

their melting temperature, their stability at the reaction temperatures (>150 °C), and their equal 

backbone length. 

HO OH

OH

O O

O

HO OH

O O

 

Figure 3.12. Structure of left) 1,3,5-pentanetricarboxylic acid, right) Pimelic acid. 

The polymerizations were again performed in-situduring DSC analysis without catalyst, at 220 °C for 

one hour.Precaution was taken to ensure that a stoichiometric ratio between oxazoline and acid 

moieties was used while varying the ratio betweenPTCA and the diacid. The Tg value as a function of 

the amount of PTCA is shown in Figure 3.13.  

   

Figure 3.13.Tg value of the materials obtained from the reaction of 2,5-FDCAox with PTCA and PiA 

or SeA (oxazoline : acid 1 : 1, 200 °C, 1 hour, no cat.) versus the mol% -COOH groups from PTCA. 
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The data presented in Figure 3.13 indicates that the glass transition increases in systems with 

increased trifunctional acid content. The increase in Tg observed for systems with bifunctional acids 

increases from 36 °C (SeA) and 50 °C (PiA), to a value of93 °C for the system with trifunctional 

PTCA as only carboxylic acid. This increase in glass transition is therefore expected to be a result 

from the increase in cross-link density.  

This alternative method to prepare 2,5-FDCAox based polymer networks yields different polymers 

compared to the TPP catalyzed synthesis route. The procedure employing a multifunctional ( ≥3 

functional) co-monomer results in a structure in which the secondary amide content is equal to the 

ester functionality content. In contrast, the ratio secondary amideto ester is not equalin systems where 

TPP is used to catalyze the branching reaction, since both secondary and tertiary amide functionalities 

are formed in these systems. It should be noted that the hydrogen bonding in polyamides with 

secondary amide groups often leads to water absorption. However, water absorption in the 2,5-

FDCAox based systems is undesirable since this could result in the hydrolysis of the ester bonds 

present in the system. Interestingly, the tertiary amides formed in the TPP catalyzed branching 

reaction are unable to form hydrogen bonds and are therefore expected to absorb less water than 

secondary amide groups. For these reasons, it is anticipated that the materials obtained using TPP as 

catalyst are more hydrolytically stable compared to the material obtained from cross-linking with 

multifunctional comonomers.  

3.5 The comparison of performance between furan based and oil based polymers 
As has been described in the preceding paragraphs, the development of a high performance bio-based 

coating using oxazoline-chemistry was successful. However, novel bio-based polymers are only 

interesting for commercial use if they exhibit properties which are equal or superior to existing 

polymeric materials. Similarly, production requirements such as reaction temperatures, reaction times 

and prices should be profitable as well. For these reasons, both the synthesis of the polyaddition 

reaction of 2,5-FDCAox and its properties are compared with the synthesis and polymer properties of 

its fossil fuel based counterparts. 

Petroleum derived 1,3-bis(2-oxazolin-2-yl)benzene (IAox) and 1,4-bis(2-oxazolin-2-yl)benzene 

(TAox), of which the chemical structures are shown in Figure 3.14, are used monomers for 

comparison with the 2,5-FDCAox used in this study. Kagiyaet al.55 already reported in 1966 about the 

synthesis of a crystalline poly(ester amide) obtained from the reaction of TAox with adipic acid. 

Several other research groups also studied the polyaddition reaction of IAox and TAox with various 

dicarboxylic acids.9,10,52,53 The reaction of TAox with anhydrides and diols was studied by Póet al.65 

However, none of the aforementioned studies reported cross-linked polymers based on IAox or TAox.  
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Figure 3.14. Chemical structures of the petroleum-based 1,3-bis(2-oxazolin-2-yl)benzene and 1,4-

bis(2-oxazolin-2-yl)benzene.  

Burgess et al.66 extensively studied chain mobility and the thermal and mechanical properties of 

poly(ethylene furanoate) (PEF) in comparison with poly(ethylene terephthalate) (PET) and to a lesser 

extent poly(ethylene isophthalate). It was concluded that the bent structure of the furan linkage (also 

seen in the benzene linkage of isophtalate based material) suppressed ring flipping, which is involved 

in sub Tg relaxations, thereby enhancing the thermal properties. Furthermore, the polar furan ring also 

hinders the carbonyl motion, which is contributing to an elevated Tg value as well.  

Reaction characteristics of the polyaddition reaction of IAox and TAox with SeA are investigated 

with FTIR spectroscopy and the formed products are analyzed using 1H NMR spectroscopy and DSC. 

Moreover, TPP is used as catalyst to study both linear materials and cross-linked materials. FTIR 

spectroscopy is utilized to investigate the differences in the reaction kinetics of the polyaddition of the 

bisoxazoline monomers. FTIR spectra were collected on-line during the ring-opening addition 

reaction with SeA (ratio 1:1) at reaction temperatures of 200 °C for one hour in the presence or 

absence of catalyst. In Figure 3.15 the normalized absorption of the –CH2 wag vibration at 1417 cm-

1versus reaction time are shown for the polymerization reactions of IAox, TAox and 2,5-FDCAox 

with SeA (ratio 2.25:1) performed at 200 °C with (right) and without (left) use of catalyst. As 

mentioned before, the –CH2 wag vibration at 1417 cm-1 is indicative for the extent of branching and 

cross-linking in the system. The absorption is normalized on the –CH2sp3 stretch vibration at 2930 cm-

1 originating from the methylene groups in the SeA backbone. 
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Figure 3.15. Absorption of the resonance at 1417 cm-1 normalized on the –CH2 stretch vibration at 

2930 cm-1 from the reactions of 2,5-FDCAox, IAox and TAox with SeA at a temperature of 200 °C 

versus reaction time; left) at a molar ratio (oxazoline:SeA) of 1:1 without catalyst, right) at a molar 

ratio (oxazoline:SeA) of 2.25:1 catalyzed by 4.5 wt% TPP. 

As can be seen in Figure 3.15 an increase in normalized absorbance is observed for the systems 

containing 2,5-FDCAox, both with and without TPP as catalyst. As indicated earlier, cross-linking 

does occur over time in the absence of catalyst in 2,5-FDCAox:SeA systems when a large excess of 

oxazoline monomer is used. However, this gradual increase in normalized absorbance in the absence 

of catalyst is not observed in systems containing IAox and TAox indicating that no cross-linking 

occurs over time. Similarly, in the systems containing TPP as catalyst, an increasing normalized 

absorbance is observed after 60 minutes of reaction for systems with 2,5-FDCAox > IAox > TAox. 

This data is indicative for a difference in branching reactivity and total extent of branching in the three 

systems. This higher branching reactivity could be explained by an increased acidity of the amide 

proton (since this proton takes part in the branching reaction) in the furanic system compared with 

phenylene based oxazoline rings. However, it is also possible that IAox evaporates during the 

polymerization which would lead to a change in stoichiometry and a difference in maximum amount 

of branches. Nonetheless, the FTIR data suggests that 2,5-FDCAox is more prone to undergo 

branching and cross-linking and yields more densely cross-linked systems, compared to the TAox and 

IAox monomers.  

To compare the difference in the linear chain formation, polymerizations were performed in a molar 

ratio of oxazoline to acid of 1:1 at 160 °C, and the conversion was followed over time using 1H 

NMRanalysis. Unfortunately, TAox does not melt nor dissolve in the SeA at the reaction temperature 

of 160 °C, and therefore does not polymerize under these conditions. For this reason, the investigation 

of the polymerization of TAox is discarded. The 1H NMR spectrum recorded in DMSO-d6 and the 

corresponding structure of the polymer obtained after 2.5 minutes of the polymerization reaction of 

IAox with SeA (ratio 1:1, 160 °C, no cat.) is presented in Figure 3.16. 
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Figure 3.16.1H-NMR spectrum recorded in DMSO-d6 and a representable structure of the polymer 

obtained from the ROP of IAox with SeA in a molar ratio of 1:1 at a reaction temperature of 160 °C 

using a reaction time of 2.5 minutes is presented. Signals relative to TMS which was present in the 

DMSO-d6. 

The signals upfield labeled with A, B and C (1.1, 1.4 and 2.3 ppm) emerge from the methylene 

protons present in the linkage between the ester groups which originates from the SeA backbone. The 

peak named D at 3.5 ppm and resonance F at 4.2 ppm represent the methylene protons which are 

adjacent to the nitrogen atom from the amide-group and the oxygen from the ester-bond. The presence 

of the triplets tagged with E and G resonating at 3.9 and 4.4 ppm are corresponding to the methylene 

linkers in the oxazoline residues which indicates that no full conversion was reached within 2.5 

minutes if reaction at 160 °C. Protons originating from the benzene entity are found at 7.9, 8.0 and 8.3 

ppm and are labeled with H, I and J. The labile amide proton is resonating further down field at 8.7 

ppm and is named K. The presence of residual acid groups is represented by the small peak at 11.9 

ppm. 

The extent of the ring-opening and the amount of branch formation is determined using the 

resonances G, I and K from the residual methylene protons adjacent to the oxygen atom in the 

oxazoline moiety, protons originating from the benzene residue, and the labile amide proton, 

respectively, together with formulas (1) and (2). Moreover, these signals were chosen since signal I is 
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only present for unreacted oxazoline species, resonance K remains constant throughout the extent of 

reaction, and K is evidence for a non-branched amide group. The results of the calculations are 

presented in Table 3.4, for both 2,5-FDCAox (details of the determination are presented in paragraph 

2.2) and IAox. 

Table 3.4. The extent of the ring-opening and branch formation in the reaction of 2,5-FDCAox and 

IAox with SeA in a molar ratio of 1:1 at 160 °C in the absence of catalyst versus reaction time 

determined from representative 1H-NMR spectra.  

 2,5-
FDCAox 

 IAox  

Reaction 
time 

[minutes] 

Ring-
opening 

[%] 

Branching 
 

[%] 

Ring-
opening 

[%] 

Branching 
 

[%] 
1.5 63 0 59 0 

2.5 76 0 73 0 

3.5 88 0 82 0 

5.5 90 0 89 0 

10 95 0 90 0 

30 100 0 100 4 

  

The results obtained with use of 1H NMR spectroscopy, presented in Table 3.4, show that the ring-

opening reaction occurs at comparable rates for 2,5-FDCAox and IAox in the reaction with SeA (ratio 

1:1, 160 °C, no catalyst). In both the reaction systems performed without catalyst no significant 

branching reaction was observed. On the other hand, the employment of five wt% catalyst in the ring-

opening addition reactions yields an insoluble polymer, which is indicative for a cross-linked system, 

after 1.5 minutes of reaction time. It can be concluded from the 1H NMR data that the rate of the ring-

opening addition reaction of both 2,5-FDCAox and IAox proceed at comparable rates with the acid 

groups of SeA. In contrast, the FTIR data indicates that the branching reaction of 2,5-FDCAox 

proceeds more easily than for the IAox monomer. It is believed that this difference is caused by in 

imbalance in the stoichiometry of the monomers. Moreover, this could be caused by practical reasons 

such as the homogenization of the monomers prior to the polyaddition reactions. Another possibility 

could be that IAox evaporates more easily during the in-situ polymerization.  

To obtain more information on the glass transition temperatures of the synthesized polymers, 

polymerization and thermal properties were evaluated using DSC analysis. Both the polymerization of 

2,5-FDCAox with Sea as the polymerization of IAox with SeA, both using a molar ratio of 1:1 

oxazoline:acid, were performed using DSC at 220 °C. The reaction was allowed to continue for one 

hour under isothermal conditions. No catalyst was used since this would promote cross-linking which 
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would broaden the Tg transition. After completion of the polymerization the samples were cooled to -

50 °C and a subsequent heating run was recorded in the temperature range from -50 °C to 220 °C at 

20 °C/min which are presented in Figure 3.17. 

 

Figure 3.17. Differential Scanning Calorimetry (DSC) spectra of the first heating runs recorded from 

-50 °C to 220 °C (20 °C/min) of the materials obtained from the polymerizations of 2,5-FDCAox and 

IAox with SeA at 220 °C which were allowed to react for 60 minutes. 

In Figure 3.17 the DSC spectra of the first heating run after the polymerization of 2,5-FDCAox and 

IAox with SeA are presented. As can be seen, the polymers obtained from the polymerization of IAox 

with SeA shows a glass transition at 45 °C which is in good comparison with the temperature of 44 °C 

found by Lustoň et al.9 In contrast, the polymerization of 2,5-FDCAox with SeA under similar 

conditions yields a material with a transition over a wider temperature range in which the Tg value is 

determined to be 50 °C. 

To summarize, the rate of ring-opening in the 2,5-FDCAox reactions is comparable with the IAox 

system while the secondary branching reaction occurs to a greater extent for the 2,5-FDCAox system. 

This branching reaction yields a cross-linked polymer with an elevated Tg value which is desired. 

Hence, the reaction kinetics and materials obtained with use of 2,5-FDCAox as monomer are 

comparable to those of the oil-derived counterparts.  
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4. Conclusions 
In this study, 2,5-bis(2-oxazolin-2-yl)furan (2,5-FDCAox) monomer was successfully synthesized and 

used in a ring opening addition polymerization with different dicarboxylic acids. Influences of 

reaction time, reaction temperature, catalyst and composition on the polymer properties were 

determined using1H NMR, Fourier transformed infrared (FTIR) spectroscopy, differential scanning 

calorimetry (DSC) and dynamic mechanical analysis (DMA). It is shown that branching is promoted 

upon the addition of triphenylphosphite (TPP) as catalyst or when using the oxazoline monomer in 

excess. Furthermore, branching reaction is promoted upon increasing the reaction temperatures, but is 

accompanied with sublimation at temperatures exceeding 170 °C. A reaction temperature of 200 °C 

was employed for the synthesis of the polymer glasses and coatings; At this temperature sublimation 

isminimal, but a rapid curing reaction is ensured.  

Transparent solvent-borne coatings with an average thickness of 30 µm have successfully been 

prepared after curing 2,5-FDCAox (2.25 eq.) with SeA (1 eq.) for one hourat 200 °C, catalyzed by 5 

wt% TPP. NMP was used as solvent in these curing reactions. Characterization was performed using 

the following techniques; reverse impact test, pencil hardness test, acetone double rub testand FTIR 

spectroscopy. The obtained coating proved to be flexible, sufficiently cross-linked and soft,evidenced 

by the absence of defects after the reverse impact test and acetone double and the pencil hardness of 

2H.In addition, FTIR spectroscopy showed that a relatively homogeneous structure was obtained. 

The effect of spacer length of the used dicarboxylic acid is investigated using in-situpolymerization 

and analysis in DSC. An odd-even effect was observed in the Tgwith variation of the used spacer 

length. Moreover, the Tg decreased from 62 °C to 37 °C with the increase in spacer length from C5 to 

C13. A similar approach was used to determine the influence of cross-link density on the Tg. The 

cross-link density was controlled by varying the functionality factor fav using pimelic acid (PiA) (C7 

spacer) or sebacic acid (SeA) (C10 spacer) with 1,3,5-pentanetricarboxylic acid. The Tg increased 

from36 °C (SeA) and 50 °C (PiA), to a value of 93 °C for the system with trifunctional PTCA as only 

carboxylic acid. 

Lastly, a comparison between 2,5-FDCAox,1,3-bis(2-oxazolin-2-yl) benzene (IAox), and 1,4-bis(2-

oxazolin-2-yl)benzene (TAox) was made. 1H NMR spectroscopy, FTIR spectroscopy and DSC were 

used to compare the reaction kinetics and the Tg of the obtained materials from the reactions with 

SeA. The spectroscopic studies showed that the rate of the branching reaction was the highest in the 

2,5-FDCAox system. It should be noted that TAox did not melt nor dissolve in the acid comonomer 

melt and was therefore not suitable as monomer. The Tg’s of the materials obtained from thereaction 

of 2,5-FDCAox and IAox with SeA at a temperature of 220 °C for one hour without catalyst, were 50 

°C and 45 °C respectively. 
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5. Outlook 
The synthesis and utilization in polyaddition reactions of 2,5-bis(2-oxzazolin-2-yl)furan (2,5-

FDCAox) was proven to be successful. However, no emphasis was put on increasing the yield of the 

oxazolinessynthesis method. Optimization of the reaction conditions is necessary toimprove the yield 

of the synthesis. Examples of possible steps that require optimization are the concentration of the 

precursor, the used reaction time, and the base loading of the ring-closing step in particular. However, 

not only the usage and optimization of 2,5-FDCAox should be investigated, the synthesis and 

polymerization of bis(2-oxazolines) containing other bio-based linkages is also advised. 

In this study, exclusively poly(ester amide)s were prepared by the reaction of 2,5-FDCAox with 

carboxylic acids. However, many more bio-based building blocks could be used as monomers in the 

polyaddition reaction with 2,5-FDCAox, as long as they contain a labile proton. As is described in 

section 1.2.4 Applications, oxazoline moieties are reactive towards a wide variety of functional 

groups yielding numerous products.For example, the reaction of 2,5-FDCAox with1,10-decanediol, 

1,10-decanedithiol or 1,10-decanediamine would yield poly(ether amide)s, poly(thioester amide)s and 

polyamides with a similar spacer length as the poly(ester amide)s obtained from the reaction of 2,5-

FDCAox with SeA.These materials could serve as polymers with an applicability in various classes of 

products.It should be noted that the rapid ring-opening of the oxazoline moiety with the used 

dicarboxylic acids is attributable to the high acidity of the protons in acids. It is therefore anticipated 

that longer reaction times or higher catalyst loadings are necessary toreactfunctional groups with 

different pKa values in the reaction with 2,5-FDCAox. 

The variation of spacer length or chemical composition of the dicarboxylic acid used in the reaction 

with 2,5-FDCAox proved to be a suitable approach to influence the Tg of the obtained materials. It is 

likely that this variation will affect themechanical properties as well. For that reason, it is 

recommended to prepare and characterize polymer glasses or coatings with acids having different 

spacers lengths and functionalities. For example, the usage of multifunctional fatty acids with spacer 

lengths >C18 which would most probably yield low Tg flexible resins. 

Lastly, from the environmental point of view it is not desired to use a solvent-borne system for the 

coating application. Powder-coating could eliminate the volatile solvents which reduce the renewable 

character of the obtained resins. Fortunately, the 2,5-FDCAox and dicarboxylic acids used in this 

project are potentially applicable in a powder-coating system. However, this approach is not 

investigated and further research is advised. 
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