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Chapter 1. Introduction 

1.1. BIO-BASED MONOMERS 
Bio-based monomers have gained significant attention from academia and 
industry over the last few decades. The projected depletion of the fossil fuel stock 
has created a great concern within society. The economic growth in developing 
countries such as China, Brazil and India will only increase the consumption of oil-
based products in the coming years. Furthermore, environmental implications 
from the use of non-renewable carbon sources have become more apparent in the 
last decades. The greenhouse effect and the plastic soup in the Pacific oceans are 
causes for great concern. Finally, the depletion of the fossil fuel feedstock has led to 
a strong upward trend in oil prices.1 Hence, there is a strong desire to become less 
dependent on oil and to change the source of monomers and other chemicals. 
Fortunately, nature can provide us with an enormous volume of possible 
resources, viz biomass. There are various ways by which biomass could be applied 
to provide us with commodity chemicals.2 Eggersdorfer et al. have estimated that 
170,000 million tons of biomass is produced annually by nature, and that only 3% 
of this biomass is used for food and non-food applications at this moment.3 Hence, 
biomass would form a perfect starting position for the production of renewable 
and sustainable chemicals on an industrial scale. 
Many classes of biomass are available and are an excellent feedstock for renewable 
and sustainable chemicals. Examples of classes of biomass are sugars, amino acids, 
fatty acids or biopolymers such as, cellulose, starch, lignin or proteins. The 
utilization of biomass as source for renewable chemicals can be exploited by two 
approaches, viz. making new chemicals or preparing known chemicals from 
renewable resources. The former would be interesting because this could lead to 
the production of novel polymeric materials with unique properties. Moreover, the 
modification of existing polymeric materials with novel bio-based monomers 
could yield interesting improvements of some of their properties. Possibly the 
most well-known example of a novel chemical in the polyester industry is 
isosorbide.4 This D-glucose-based diol or one of its derivatives have been used in 
various academic and industrial studies over the last few decades.5–7 A more recent 
development is the application of 2,5-furandicarboxylic acid (FDCA) as possible 
competitor of terephthalic acid (TPA) or isophthalic acid (IPA) in various 
applications. However, replacing conventional monomers with biomass-based 
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compounds is not always the desired approach. The implementation of these novel 
monomers can lead to issues with existing polymer production or recycling 
processes. The second option is preparing conventional fossil fuel-based chemicals 
from renewable resources. Very well-known examples of this approach are the 
production of succinic acid from sugar-based sources,8,9 or the production of 
various polyols from glycerol,10 which is a byproduct of the bio-diesel production. 
Moreover, the replacement of fossil fuel-based TPA by a bio-based TPA has been 
studied with varying success.2,11,12 In principle, by applying the correct chemical 
modifications many conventional chemicals can be prepared from biomass 
resources.13  
In the next two paragraphs, two classes of bio-based monomers which are relevant 
to this thesis, viz. carbohydrate- and fatty acid-based, renewable monomers are 
discussed in more detail. 
 
1.1.1. Carbohydrate-based monomers 
Carbohydrates are seen as an important class of compounds, which could be 
useful as bio-based monomers themselves or can be used as basis for the synthesis 
of bio-based building blocks. Carbohydrates are readily available in nature from a 
wide range of easily attainable sources (e.g. cellulose or starch). Another advantage 
of carbohydrate-based compounds is their wide array of different structures which 
can be found in nature. Carbohydrates can be used straight from nature as 
monomers, they can be fermented by various organisms or be chemically 
modified, yielding a vast library of useful compounds for the chemical industry. 
Since this thesis exclusively addresses the use of bio-based monomers for the 
preparation of polycondensates, the current discussion is limited to monomers 
which can be used in the synthesis of polyesters, polyamides or related classes of 
polymers.  
Carbohydrates, like glucose, fructose or mannose, can be obtained from various 
natural sources. For example, D-glucose can be obtained by the hydrolysis of starch 
or cellulose, which are biopolymers. Once these monosaccharides are obtained 
from the biopolymer resources, various classes of bio-based monomers can be 
prepared by either chemical modification (e.g. the preparation of isosorbide from 
D-glucose)4 or by fermentation (e.g. the preparation of 1,3-propanediol from 
glycerol or glucose).14 Moreover, carbohydrate-based compounds can serve as 
platform chemicals for a whole range of conventional compounds. The U.S. 
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TABLE 1.1. Top value added 
sugar-based chemicals as 
defined by the DOE.15 

Platform chemicals 
succinic acid, fumaric-  

and malic acid 
2,5-furandicarboxylic acid 
3-hydroxy-propionic acid 

aspartic acid 
glucaric acid 
glutamic acid 
itaconic acid 
levulinic acid 

3-hydroxybutyrolactone 
glycerol 
sorbitol 

xylitol/arabinitol 
 

 

Department of Energy (DOE) has defined twelve 
sugar-based platform chemicals, which are among 
the most promising renewable building blocks for 
the chemical industry. The twelve top added 
value chemicals as defined by the DOE are 
presented in Table 1.1.15 These compounds were 
selected from a vast amount (approx. 300) of 
carbohydrate-based chemicals, the selection being 
based on their potential in the chemical industry 
and the complexity of the synthetic pathways 
leading towards these chemicals. These twelve 
compounds could very well form the basis for the 
next generation of renewable chemicals.  
In Figure 1.1, an example is presented of the wide 
variety of chemicals which can be produced from 
succinic acid, which is considered to be a platform 
chemical.9,15,16 These compounds can be used 
directly as replacement of their fossil fuel-based 
counterparts in polymer synthesis without having 
to make significant changes to the polymer production process, which is a great 
advantage for industrial implementation. 
 

 
FIGURE 1.1. Chemicals which can be produced from succinic acid.16  
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Besides these twelve chemicals, chosen by the DOE, there are obviously many 
other interesting carbohydrate-based compounds. However, two classes of 
carbohydrate-based monomers deserve special attention, viz. monomers with a 
bicyclic or with an aromatic structure. 
Bicyclic, carbohydrate-based monomers have gained significant attention due to 
their interesting molecular structure. These structures are aliphatic, but rather stiff 
and therefore have the ability to add rigidity to the polymer backbone and 
influence certain properties, such as the glass transition temperature.17,18 Within the 
class of bicyclic, carbohydrate-based monomers two subclasses can be defined, 
based on their preparation method. The first subclass comprises of the monomers 
which are prepared by the dehydration of various sugar-based compounds. The 
second class would then contain the monomers obtained from internal acetylation 
of similar carbohydrates. The first class comprises of the 1,4:3,6-dianhydrohexitols 
such as isosorbide (IS), isomannide (IM) and isoidide (II), from which IS is 
available on industrial scale. The 1,4:3,6-dianhydrohexitols and their derivatives 
have been studied intensively by many researchers for various applications 
ranging from engineering plastics to coatings.5,6,19–21 The second subclass contains 
monomers containing cyclic acetal structures and have been extensively studied by 
the research group of Muñoz-Guerra.22–26 This second subclass of carbohydrate 
monomers will be more extensively discussed in Chapter 8. 
Aromatic, carbohydrate-based compounds have gained significant attention 
because of their potential in replacing fossil fuel-based aromatic compounds. 
Above, the case of FDCA or dimethyl-2,5-furandicarboxylate (DMF) was already 
addressed. Information regarding the synthesis and applications of FDCA/ DMF 
will be presented in Chapter 2. However, it is important to understand that not all 
bio-based aromatic compounds are obtained from carbohydrate-based sources. 
Lignin could prove to be a viable source of aromatic compounds, which could 
partially replace compounds like TPA or IPA. Lignin constitutes about 20% of the 
bio-mass on earth and is obtained from plants.27 This branched, aromatic, random 
amorphous polymer gives plants their structural integrity. Aromatic compounds 
such as vanillin and coumaryl alcohol are just two of the examples which can be 
obtained from lignin.28,29 Even though these compounds are challenging to extract 
from lignin, lignin-based, aromatic chemicals could play a significant role in 
replacing fossil fuel-based aromatic compounds.27–29 
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However, one prerequisite for the industrial success of these biomass-based 
monomers is that large volumes of high purity monomers are required. The 
importance of high-purity monomers, especially in polycondensation chemistry,  
cannot be stressed enough and this will be illustrated later in this chapter. 
 
1.1.2. Fatty acid derived monomers 
Another class of bio-based compounds, are the fatty acid-based monomers. Fatty 
acids can be obtained from natural oils such as palm, canola or soybean oil. 
Natural oils consist of triglycerides, which are the esterification product of three 
fatty acid residues and glycerol. The fatty acid composition of the triglycerides, 
which make up a specific natural oil, is dependent on the source of this oil. The 
desired fatty acids or corresponding ester-derivatives can be obtained by simple 
hydrolysis or alcoholysis of the triglycerides. All fatty acids consist of long 
aliphatic chains, but these can contain various functional groups such as double 
bonds, epoxide or hydroxyl groups along the backbone of the molecule. Examples 
of fatty acids with various functional groups are presented in Figure 1.2.30,31 

 
 

FIGURE 1.2. Molecular structure of a) oleic acid, b) linoleic acid, c) ricinoleic acid 
and d) vernolic acid.  

 
The wide variety of molecular structures and the easy accessibility of the double 
bonds, hydroxyl groups and epoxides makes fatty acid molecules very interesting 
for polymer chemists. Moreover, fatty acids are relatively cheap, widely abundant 
and obtainable from sources which do not interfere with the food chain (e.g. castor 

a) 

b) 

c) 

d) 
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beans). All these factors have added to the interest the chemical community has for 
fatty acids or their derivatives. 
The high degree of functionality makes fatty acids interesting for the application in 
polymeric materials. For example, double bonds can be epoxidized relatively 
easily using enzymatic catalysis for example. These epoxides can be reacted further 
to form other functional groups or can be used directly for polymer synthesis.32 
There are various other approaches in which fatty acids are used as monomers in 
the synthesis of polymeric materials. For example, cross- or self-metathesis can be 
used to prepare flexible aliphatic polymers from fatty acids.30,33,34 Moreover, 
unsaturated fatty acids are used as key component in alkyd resins for coating 
applications.35–37 A different method was developed by Gross et al. who used an 
enzymatic approach to introduce a hydroxyl group onto the fatty acid backbone, 
after which this could be polymerized using conventional polycondensation 
chemistry.38,39 This is a very elegant method of introducing the second functionality 
on the backbone of the fatty acid, but it does require some enzyme engineering.  
Another versatile route to introduce the second functional group in a fatty acid is 
by dimerization. The dimerization of fatty acids is realized by the Diels-Alder 
coupling of unsaturated fatty acids at elevated temperatures and in the presence of 
a catalyst.40–42 Commonly, C18 fatty acids are used and therefore C36 dimers are 
formed during this synthesis. The large hydrocarbon structure makes these 
monomers inherently very hydrophobic, but it also provides a significant amount 
of flexibility to the polymeric backbone into which these are incorporated.43,44 
Dimerized fatty acids can be used as such in the preparation of polymeric 
materials, for example as soft-component in thermoplastic elastomers.45–47 
However, these dimerized fatty acids can also be used as platform chemical for 
various dimerized fatty acid derivatives, such as diols or diamines.44,48 Dimerized 
fatty acids or their derivatives have found a wide applicability in the polymer 
industry. Besides their application in polymer chemistry, fatty acid-based 
compounds have found many applications as components of lubricants, cosmetics 
or adhesives. 

 
1.2. POLYCONDENSATION 
1.2.1. General concepts of polycondensation 
The polycondensation reaction is a step-growth polymerization process in which a 
polymeric macromolecule is formed by consecutive condensation reactions, 
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liberating a small molecule (the condensate) in the process. Generally, this involves 
reactions of multifunctional monomers that initially form dimers and trimers, 
followed by short oligomers and finally high molecular weight polycondensates. 
One of the first people to study and classify condensation polymers was W.H. 
Carothers, a study which took place in the beginning of the last centrury.49,50 
Besides Carothers, the field of polycondensation was pioneered by P.J. Flory on 
both the practical and theoretical level.51–53  
The molecular weight build-up during a polycondensation process takes place in a 
step-wise manner and high molecular weight can only be obtained at very high 
conversions of the co-reactive functional groups (> 99.9%). The following equation 
describes this molecular weight dependency on the extent of the reaction:51,54   
 
                                      𝑋�𝑛 = 1

1−𝑝
                                                              𝑒𝑞. 1       

                                         
In eq. 1, 𝑋�𝑛 and p are the number average degree of polymerization (the average 
number of monomer residues per polymer chain) and the extent of the reaction, 
respectively. Where p is defined as: 
 
                                       𝑝 = 𝑁0−𝑁

𝑁0
                                                             𝑒𝑞. 2                                                  

 
In eq. 2, N and N0 are defined as the amount of moles of functional groups present 
at the extent of reaction p and the initial amount of moles of functional groups, 
respectively. However, it is important to note that these simple equations only 
hold at perfect stoichiometry. Moreover, from these equations it is clear that in 
order to obtain high molecular weight polycondensates, almost all the functional 
groups need to have been reacted away in order to couple nearly all monomers 
present in the reaction mixture. In order to obtain high conversions of the co-
reactive groups, the stoichiometry needs to be carefully controlled. In other words: 
the number of carboxylic acid and hydroxyl groups in e.g. a polyester synthesis 
should be equal. This implies that there is a need for very high purity monomers, 
which can be troublesome when bio-based compounds are used. The strict control 
over the reaction conditions can also be used as tool to control the molecular 
weight and type of end-groups of the obtained polymeric material. For example, 
deliberately deviating from perfect stoichiometry limits the molecular weight 
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which can be attained and could render only one type of end-groups, which could 
be desired. This example can also be expressed in an equation (eq. 3). 
 

  𝑋�𝑛 = 1+𝑟
(1+𝑟−2𝑟𝑝)

                                                𝑒𝑞. 3                                                                                 

 
Here the 𝑋�𝑛 and the p are as described above and the r is the stoichiometric 
imbalance and is always chosen smaller than unity. In fact r is the number of moles 
of functional groups present in short measure divided by the number of functional 
groups present in excess.    
Polycondensation reactions are a complex combination of various reactions, most 
of which are equilibrium processes. Moreover, reactions are not limited to the end-
groups, but also all the linking-groups (i.e. esters or amides) along the backbone of 
the polymer participate in various trans-reactions. Since this thesis mainly 
concerns polyesters, all examples will be focused on this type of polymer. 
Depending on the reaction mixture composition, end-groups can undergo 
esterification or transesterification reactions (Figure 1.3a-b). Furthermore, the 
linking groups can participate in alcoholysis, acidolysis and ester interchange 
reactions (Figure 1.3c-e) during the polycondensation process, all these 
equilibrium reactions having their own reaction rate ratios or equilibrium 
constants (K-values).  
 

 
FIGURE 1.3. Schematic representation of the a) esterification, b) transesterification, 
c) alcoholysis, d) acidolysis and e) ester-interchange reactions. 
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The K-values obtained during a polyester synthesis are often in the range of 1-5 
depending on the type of reaction.55–57 Hence, in order to obtain a polyester from 
its respective monomers, the equilibrium needs to be shifted constantly towards 
the polymer-side and this is achieved by the efficient removal of the condensate. In 
practice this removal is achieved by the application of elevated temperatures and 
reduced pressures. Depending on the reactants, this condensate can be a variety of 
small molecules such as water or methanol. 
A polycondensation process can be conducted by various approaches depending 
on the desired polymer. Melt (co)polymerization and solid-state polycondensation 
or modification will be discussed in more detail in the following two paragraphs. 
Other techniques which include interfacial polymerization will not be discussed in 
this thesis. 
 
1.2.2. Melt (co)polymerization  
Melt (co)polymerization (M-PC) is a polycondensation technique which is 
commonly used for the preparation of polycondensates. During a M-PC reaction, 
the monomers are reacted in their molten state, usually at elevated temperatures, 
exceeding 100 °C. A M-PC reaction is normally conducted as a two-step process, 
viz. a (trans)esterification and a polycondensation step. These steps will be 
elaborated on more extensively below.  
The (trans)esterification reaction is the first step of a M-PC process and has the aim 
of preparing low molecular weight oligomers, which have a significantly reduced 
volatility. This reaction is conducted at relatively low temperatures under a 
constant flow of inert gas. The relatively mild reaction conditions are necessary to 
prevent volatilization of the used monomers. Nevertheless, a (small) excess of the 
most volatile compound is typically used to maintain the targeted stoichiometry 
during this initial reaction step. The continuous stream of inert gas is necessary to 
remove the formed condensate and to prevent oxygen or water from entering the 
reactor. As described in the previous paragraph, the condensate removal is of 
paramount importance for the efficient progress of the reaction. During the initial 
stage of this polycondensation reaction a catalyst can be added to the reaction 
mixture to facilitate a more efficient reaction. For example, during the esterification 
of TPA with ethylene glycol, for the preparation of poly(ethylene terephthalate) 
(PET), manganese acetate is often used. On the other hand, when dimethyl-
terephthalate (DMT) is transesterified with 1,4-butanediol (1,4-BD), titanium-based 



 
10 

catalysts are often added.58,59 Carboxylic acid-groups also have the ability to 
catalyze the (trans)esterification reaction, and therefore it is not always necessary 
to add a catalyst. At the end of the (trans)esterification step, the monomers have 
been converted into short oligomers, which have significantly reduced volatility. 
Subsequently, the second stage of the polycondensation reaction can be initiated, 
as described below. 
The goal of the polycondensation step of the reaction is to increase the molecular 
weight to the desired value. To this end, the reaction temperature is increased, the 
pressure is reduced and sometimes an additional (amount of) catalyst is added. 
The increase in molecular weight is directly related to the removal of the 
condensate, as discussed above. Clearly, the efficiency of the removal increases 
when the temperature is increased and the pressure reduced. The temperature 
increase reduces the viscosity of the reaction mixture, which allows for a faster 
diffusion of the condensate through the melt. In addition, the increase in 
temperature yields a higher reaction rate, which also causes a faster molecular 
weight build-up. Finally, the increase in temperature is sometimes necessary to 
prevent polymer crystallization during the reaction. To study the molecular weight 
increase during the M-PC, the melt viscosity of the reaction mixture can be 
monitored over time. The increase in temperature can also cause the need for a 
different catalyst. For example, in the preparation of PET antimony trioxide (SbO3) 
is added in addition to the manganese acetate because SbO3 performs well at high 
temperatures (> 250 °C) in a less polar medium.60 The increase in temperature does 
not only have positive effects on the reaction, as it also increases the rate at which 
side reactions take place. Side-reactions usually have a detrimental effect on the 
properties of the polymeric material. For example, polyesters can undergo thermal 
cleavage of the ester-bonds yielding carboxylic acid end-groups and double bonds. 
The carboxylic acid end-groups in turn catalyze this side-reaction, and therefore 
the reaction rate of this process will increase with the amount of the thermal 
decomposition of the ester-groups. Moreover, at high temperatures various 
addition or elimination reactions are possible, leading to a decrease in the optical 
or mechanical performance of a polymer.61,62 Hence, obtaining high molecular 
weight polycondensates by M-PC is not always possible. To increase the molecular 
weight of semi-crystalline polymers, solid-state polycondensation (SSP) can be 
used in addition to M-PC. SSP will be explained in more detail in the next 
paragraph. 
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1.2.3. Solid-state polycondensation  
Solid-state polycondensation (SSP) is a polymerization method which is conducted 
below the melting point of a semi-crystalline polymer or crystalline monomer.63,64 
As described above, SSP provides the possibility of increasing the molecular 
weight of polymeric materials without needing to resort to very rigorous reaction 
conditions. Because of the relatively mild conditions during SSP, side-reactions are 
greatly suppressed and therefore polymeric materials of a better quality are 
obtained. Using SSP as additional reaction step after M-PC has been applied for 
many semi-crystalline engineering plastic materials,65 but it has also been used in 
the preparation of materials like nano-composites.66,67 
As stated above, SSP is a process conducted below the melting temperature, but 
above the glass transition temperature of a polymeric material. Hence, mobility 
restrictions prevent the crystalline phase from participating. Therefore, reactions 
during SSP exclusively take place in the non-crystalline phase of a material. These 
reactions utilize the molecular mobility of the chains above the glass transition 
temperature.63,64,68 The reactions which occur during SSP follow the same 
mechanisms as in M-PC, only the reaction medium is different, a semi-crystalline 
matrix instead of an amorphous melt. Commonly, SSP is conducted on powders or 
flakes at temperatures 20-30 °C below the melting temperature of the crystalline 
domains of the polymer. This temperature range affords sufficient molecular 
mobility in the amorphous phase, while particle sticking is not an issue.63,68 During 
a SSP process the reactor is continuously flushed with an inert gas or kept under 
reduced pressure. This is necessary for two reasons, viz. the removal of the formed 
condensate and the protection of the material against oxidative degradation. SSP is 
a complex process and various reaction conditions can be tuned in order to get the 
desired polymeric material:  

1. Temperature 63,64 
2. Gas flow rate 63,69,70 
3. Gas type 68 
4. Particle size and geometry 70,71 
5. Crystallinity of the material 72 
6. End-group content and initial molecular weight 63,68,73 
7. Catalysts, etc 63,74,75 

Basically, these reaction conditions influence one or more of four main processes 
which govern the SSP reaction. These four processes are: the intrinsic reaction 
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kinetics, condensate diffusion through the solid matrix (internal diffusion), 
condensate diffusion from the solid matrix (external diffusion) and reactive group 
diffusion within the polymeric material.63,64 Some of these dependencies are easy to 
understand such as the influence of the catalyst and reaction temperature on the 
intrinsic reaction rate. Another example is the effect of the particle size or sample 
crystallinity on the internal condensate diffusion. However, some of these 
dependencies are more difficult to envision or are under debate, such as the 
influence of the gas type on the internal condensate diffusion. Nevertheless, it is 
clear that there are many factors which can be adjusted in order to obtain the 
desired polymeric materials. To get a better understanding of SSP, various 
modeling studies have been performed over the past decades.76–79 These modeling 
studies have led to an increased knowledge about the SSP process, but SSP 
remains a very complex polymerization concept to study.  

The reactions which take place during SSP can be divided into three classes, viz. 
inner-inner, outer-inner and outer-outer reactions. The inner-inner reactions 
during SSP are basically ester-interchange reactions and these do not lead to an 
increase in the molecular weight of the sample.80 The outer-inner reactions are the 
alcoholysis or acidolysis of ester-groups within the backbone by a hydroxyl or 
carboxylic acid end-group, respectively. During this process the number average 
molecular weight of a polymer does not change and no condensate is formed. Both 
these types of reactions lead to randomization of the copolyester backbone 
(discussed later in Chapters 5, 7 and 8). The only reaction where a condensate is 
formed and thus a molecular weight build-up is observed is the outer-outer 
reaction. This reaction proceeds by the (trans)esterification of two end-groups, 
where one condensate molecule is formed. At this moment SSP is used in industry 
mainly to increase the molecular weight of polymers, especially where obtaining 
the desired high molecular weight by M-PC is not possible or would lead to 
undesired thermal degradation.58,63 For example, obtaining high molecular weight 
poly(butylene terephthalate) (PBT) by M-PC is impossible due to issues related to 
the limited thermal stability of the polyester backbone.81,82 Besides obtaining 
materials with higher molecular weight, SSP of PET is performed in order to 
remove volatile compounds which are considered as impurities such as 
acetaldehyde.69 Moreover, solid-state polymerizations can also be applied for the 
purpose of preparing copolymer materials. This process is called solid-state 
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modification of polymeric materials. A schematic overview of a solid-state 
modification process is shown in Figure 1.4. 
 
 

 
FIGURE 1.4. Schematic representation of a solid-state modification process on a) 
reactor and b) polymer bead scale. Where at the bead scale the internal diffusion 
(1) and external condensate diffusion (2) have been indicated. Even though the 
polymer and glass beads seem to have similar sizes in this figure, the polymer 
particles have sizes well below the 1 mm, while the glass beads have a diameter of 
2 mm. 
 
Solid-state modification (SSM) is a process used to prepare copolymers without 
having to resort to a high temperature M-PC reaction. SSM, like SSP, utilizes the 
molecular mobility in the amorphous phase of a polymeric material. However, 
instead of obtaining higher molecular weight materials an additional, usually low 
molecular weight compound is incorporated into the backbone of an existing 
polymer by two consecutive trans-reactions. Jansen et al. pioneered the use of SSM 
to incorporate comonomers into the backbone of a semi-crystalline polyester.80,83-85 
Using this approach these authors were able to prepare copolyesters with unique 
chemical microstructures.83,85 This method introduced a new strategy to obtain 
novel polymeric materials with properties which are difficult or impossible to 
obtain by conventional M-PC or by reactive blending. More information on the use 
of SSM in the preparation of copolyesters or poly(ester amide)s can be found in 
Chapters 5-9. 

a) b) 
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1.3. APPLICATIONS OF POLYCONDENSATES 
Polymeric materials have gained a very important place in modern society. 
Without these polymeric materials, the comfort of life today would not have been 
achieved. Nowadays, polyolefins are the most widely used polymeric materials,86 
but polycondensate-based materials should not be forgotten. Polycondensates (i.e. 
polyesters or polyamides) have a wide array of applications, depending on their 
properties. Within the scope of this thesis two classes of applications for 
polycondensates will be elaborated on, viz. coating and engineering plastic 
applications.  
 
1.3.1. Coatings 
Coatings have received a significant amount of attention from the academic and 
industrial world. Coatings are applied in numerous applications, for protection of 
a surface or for esthetic purposes. There are many different types of coatings and 
these can be classified along various lines. The first division can be made based on 
the application method, viz. solvent- or water-borne and powder coatings. Of these 
methods the use of a solvent-borne approach is, at least from an environmental 
point of view, the least favored because of the use of harmful solvents as medium. 
During the application of these coatings these compounds can cause health and 
safety risks for the person applying the coating. Moreover, solvent residues can get 
trapped within the coating and slowly leach out over time, leading to potential 
health issues for the user of the coating.87 To reduce the amount of solvent, solvent-
borne systems are usually high solids systems (> 60 wt% solids).36 However, a 
disadvantage of using high solids paints is that the viscosity of these systems is 
often relatively high which can lead to difficulties during application and film 
formation. Moreover, even though these formulations contain a high amount of 
solids, still a considerable part is considered as volatile organic compounds 
(VOCs).36 A good alternative for solvent-borne coatings are the systems which use 
water as carrier liquid, viz. the water-borne coatings. Various types of coatings 
which use water as medium such as latexes, water soluble or water reducible 
coatings can be distinguished nowadays. Normally, water-borne coatings have low 
viscosity and preparing thin films is relatively easy to do using these systems. 
However, even though these systems are considered to be favorable over solvent-
borne systems, these systems also have disadvantages. Water-borne systems are 
often costly to prepare and are not always easy to apply because of the strong 



   
15 

influence of environmental factors such as humidity.35,36 An even more interesting 
class of coatings are the powder coatings. Powder coatings consist of small, heat 
fusible, solid powder particles, which contain the resin, the pigment and various 
other additives. This method was developed in the 1950s and during that period a 
fluidized bed was used for the powder application. Nowadays, this application 
method is still used, but only for thicker coatings (250-500 μm).88 Besides the 
fluidized bed, nowadays electrostatic spray coating techniques are often used. In 
Figure 1.5 a short schematic overview of the full powder coating process is 
presented.  

 
FIGURE 1.5. Schematic representation of a powder coating process from raw 
materials until application. 
 
Using this method the powder particles are charged and sprayed onto the 
substrate. The powder is attracted to the surface by electrostatic forces before it is 
subjected to a thermal treatment. The main advantages of powder coatings are that 
these materials are essentially free of VOCs, easy to apply and that the overspray 
can be collected and reused easily. However, powder coatings do exhibit some 
disadvantages, for example preparing thin coatings (<30 μm) is difficult and not all 
substrates are suitable for powder coatings.36 Substrate limitations are mainly 
caused by the high cross-linking temperatures during a powder coating process 
and by the fact that the substrates need to be conducting. This makes powder 
coatings very suitable for metals, but less for wood or plastic substrates. Within the 
class of powder coatings, two types of coating resins can be defined based on their 
molecular weight, namely thermoplastic or thermosetting resins. Thermoplastic 
resins are high molecular weight polymers which do not require cross-linking for 
rendering satisfactory properties. These resins obtain their physical properties 
from the entanglements which are present in the high molecular weight material. 
These materials are normally not difficult to prepare and do not require curing 
with hazardous cross-linking agents. However, the high viscosity of these 
materials can lead to poor pigmentation and difficulties during the film formation 
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during the heat treatment. In contrast, thermosetting materials are relatively low 
molecular weight polymeric compounds which require chemical cross-linking. The 
low molecular weight of these polymers ensures a low melt viscosity and this 
makes the application of these resins easier. However, these low molecular weight 
polymers do not exhibit suitable mechanical properties themselves and therefore 
these resins need to be cross-linked to form a covalently cross-linked network. 
Depending on the polymeric resin, its end-groups and the envisioned application, 
a suitable cross-linking agent needs to be chosen. For example, acid-functionalized 
polyester resins can be cured using triglycidylisocyanurate as cross-linker yielding 
very durable coatings. A convenient method of cross-linking a thermoset polyol is 
doing so with a polyfunctional isocyanate. Isocyanates are very reactive towards 
hydroxyl-groups even at relatively low temperatures. However, the high reactivity 
makes isocyanates toxic and impossible to process at elevated temperatures (e.g. 
by extrusion). By trimerizing diisocyanates into isocyanurates the volatility 
decreases which makes them safer to work with. Additionally, isocyanurates have 
higher functionality, which makes a more densely cross-linked network possible. 
However, to make isocyanurates processable at elevated temperatures, blocking 
the isocyanate group is required.89,90 The choice of polymeric resins and the curing 
agent determine the properties of the final material. This creates the possibility to 
tailor the properties of the desired coating to its application, which is a great 
advantage of the thermoset resins. 
 
1.3.2. Engineering plastics 
Polycondensates are also commonly used in the field of engineering plastics. 
Engineering plastics are described as materials which show better thermal and/or 
mechanical properties than the commodity plastics (such as polyethylene, 
polypropylene or polyvinylchloride) at elevated temperatures (exceeding ca. 200 
˚C). Even though the properties of engineering plastics are superior to the 
properties of many other materials, they only make up a small portion of the total 
polymer production. Various polycondensates belong to the class of engineering 
plastics, such as the polyesters PET or PBT. Moreover, other engineering plastics 
include various polyamides (Nylon 6 or Nylon 6,6), polycarbonates and 
polyimides.  
Polyester engineering plastics received considerable attention for various 
applications, like PET for the use as plastic bottles. Another well-known example 



   
17 

of a polyester engineering plastic is PBT. PBT is commonly made by reacting 1,4-
butanediol (1,4-BD) with dimethyl-terephthalate (DMT) in the presence of a 
titanium-based catalyst.58,91,92 The PBT synthesis is a two-step process for which the 
steps were already elaborated on above. It is also possible to prepare PBT from 1,4-
BD and terephthalic acid (TPA), but this route is unfavorable due to a considerable 
amount of side-reactions (THF formation).93 Moreover, PBT can be prepared by the 
ring-opening polymerization of cyclic butylene terephthalate, but this is an more 
academic approach at this moment.94–96 After a conventional M-PC process, the 
molecular weight of the PBT is in the order of 17-44 kg/mol. If higher molecular 
weights are desired, SSP needs to be performed as an additional reaction step. PBT 
shows many interesting properties such as a high crystallization rate, good 
chemical resistance and low melt viscosity. PBT has a glass transition around 45 °C 
and the melting temperature for PBT is approximately 225 °C, normally showing a 
multimodal melting endotherm.97 This typical melting behavior is caused by the 
melting-recrystallization process, which takes place during heating of a PBT 
sample.98–100 The extremely favorable crystallization behavior of PBT is most 
probably the most well-known feature of this polymer. Because of the flexible 1,4-
BD spacer between the terephthalate rings, PBT shows a very high crystallization 
rate.58,101 This makes PBT a suitable choice for many injection molding processes, 
because short cycle times are possible. However, to make PBT applicable in more 
demanding applications, blending or copolymerizing PBT with various other 
polymers or monomers is performed. Because of the relatively low Tg of PBT, 
copolymerization with more rigid monomers is necessary to make unfilled PBT 
applicable in higher temperature applications. Moreover, PBT is rather brittle due 
to a very high mass between entanglements, which is the reason why 
copolymerization with flexible monomers is sometimes desired. Copolymerization 
with PET, polycarbonates or polyethers is often performed in order to improve the 
properties of these PBT-based materials and extending their applicability.102–105 The 
solid-state modification of PBT with various bio-based compounds is highlighted 
in Chapters 5-9. 
 
1.4. AIM AND SCOPE OF THIS THESIS 
Since the depletion of the fossil-fuel feedstock is a proven fact, academia and 
industry strive towards utilizing bio-based monomers in the synthesis of modern 
polymeric materials. Nowadays, a handful of plastic products prepared from bio-
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based building blocks have gained commercial status. This project focusses on 
using bio-based building blocks in polymer synthesis in order to obtain novel 
polymeric materials which could prove to be interesting counterparts for existing 
fossil fuel-based polymer materials. Moreover, the study of the influence of the 
morphology of bio-based materials on their thermal properties will be extensively 
addressed. This project has been funded by the Bio-based Performance Materials 
(BPM) program under the project designation BPM #020. This project has the 
acronym MoBioSol, which is short for “The modification of semi-crystalline and 
amorphous polyesters with bio-based building blocks by solid-state modification 
and melt copolymerization”. The project MoBioSol comprises of two main research 
topics, each with different goals and those will be elaborated on below.  
The first research topic was preparing bio-based polyesters, which could be 
utilized as solvent-/water-borne or powder coating resins. In order to be suitable 
for powder coating applications, the prepared materials need to fulfill a few 
requirements. Low molecular weight, amorphous polyesters with tunable end-
groups and a Tg > 45 °C were desired. The aim of this study was preparing these 
materials and performing the coating evaluation. 
The second research topic was to use solid-state modification (SSM) as tool in 
order to prepare partially renewable poly(butylene terephthalate) (PBT)-based 
copolyesters and poly(ester amide)s with novel morphologies and properties. 
Within the scope of this topic various comonomers were incorporated into the 
backbone of PBT using SSM. Using SSM as polymerization method creates the 
possibility to prepare PBT-based copolyesters with retained crystallinity and 
crystallization behavior with respect to pure PBT. The aim was to modify the 
backbone of PBT using various bio-based compounds in order to specifically alter 
the properties which relate to the amorphous phase of PBT. 
This thesis, with the name “Melt copolymerization and solid-state modification as 
methods to prepare novel bio-based polycondensates”, describes the most 
important results obtained within the framework of this project 

 
1.5. OUTLINE OF THIS THESIS 
As stated in paragraph 1.4, this research project comprises of two research topics 
and the most important results of these subjects are summarized in the following 
chapters. The presented work consists of a broad array of synthetic as well as 
characterization methods. This thesis has been divided into two parts with their 
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own subject. The first part of this thesis concerns the preparation and 
characterization of polyester resins and poly(ester urethane)-based coatings and 
the results are described in Chapters 2-4. The second part of this thesis describes 
the modification of poly(butylene terephthalate) with various bio-based 
compounds and these studies are described in Chapters 5-9. This thesis holds ten 
chapters and below a short introduction of each chapter is given. 
In Chapter 2, the synthesis of the novel polyester poly(2,3-butylene-2,5-
furandicarboxylate) (P23BF) is described together with its full molecular 
characterization. A catalyst screening was performed in order to find the optimal 
conditions for the preparation of this polyester.  
Chapter 3 describes the preparation of P23BF and its copolyesters poly(2,3-
butylene-co-glycerol-2,5-furandicarboxylate), poly(2,3-butylene-co-pentaerythritol-
2,5-furandicarboxylate) and poly(2,3-butylene-co-trimethylolpropane-2,5-
furandicarboxylate) and their use as solvent-borne coating resins. The relevant 
properties of the resins and coatings are elaborated on.  
The work which was presented in Chapter 3 was extended to powder coating 
resins in Chapter 4. In this chapter the synthesis of four polyester resins is 
described and these resins were used for solvent-borne and powder coatings. The 
materials were cured with a commercially available polyfunctional isocyanate and 
the differences in the performance as function of curing compound and application 
method were studied. Moreover, the influence of a bio-based fatty acid derivative 
on the performance of the coatings was evaluated. 
Chapter 5 concerns the chemistry of the solid-state modification (SSM) of 
poly(butylene terephthalate) (PBT) with a fatty acid dimer diol (FADD). The 
incorporation of the FADD into the PBT was studied and proven. Moreover, the 
chemical microstructure and morphology of the copolyesters was analyzed using 
various techniques. 
The work presented in Chapter 6 continues the study of the chemical 
microstructure and morphology of the aforementioned PBT/FADD-based 
copolyesters. The focus of this chapter is on the detailed study towards the 
morphology of the PBT-based copolyesters after SSM and physical mixtures prior 
to SSM. In addition, the morphology development during the SSM process is 
studied. 
In Chapter 7 the thermal properties of the PBT/FADD-based copolyesters, which 
were prepared by SSM, are evaluated and compared with similar copolyesters 
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prepared by melt copolymerization. An initial evaluation of the mechanical 
properties of the PBT/FADD-based materials which were prepared by SSM is also 
presented. Moreover, the stability of this morphology was studied and these 
results are compared with copolyesters where a shorter bio-based fatty acid-based 
diol is incorporated. 
Chapter 8 describes the preparation and characterization of (partially) bio-based 
copolyesters, which were prepared from PBT and a sugar-based diol using SSM. 
Moreover, the properties of these materials are compared with various other 
PBT/sugar-based copolyesters where SSM was used as preparation method. 
Chapter 9 describes the preparation of amide-reinforced poly(butylene 
terephthalate)-based poly(ester amide)s. Solid-state modification was also used in 
this study to obtain the materials. A study towards the reaction conditions and 
properties of these materials is presented. 
Finally, Chapter 10 is the epilogue of this thesis, which describes the highlights, 
the industrial applicability of the systems and a proposed outlook. 
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Chapter 2. Synthesis of novel 2,5-furandicarboxylic acid 
or dimethyl-2,5-furandicarboxylate-based polyesters 

 
Abstract. A series of novel 2,5-furandicarboxylic acid (FDCA) or dimethyl-2,5-
furandicarboxylate (DMF)-based polyesters were synthesized using a bulk 
polycondensation approach. The materials were prepared in the presence of various 
catalysts viz. titanium (IV) butoxide (TiBO), tin (II) ethylhexanoate (Sn(Oct)2), 
zirconium (IV) butoxide (ZrBO) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). 
The synthesis of the polyester poly(2,3-butylene-2,5-furandicarboxylate) (P23BF) 
was studied using these catalysts and it was concluded that Sn(Oct)2 gave the 
highest activity. On the other hand, TBD did not show any significant activity in 
the polymerization reaction between DMF and 2,3-butanediol (2,3-BD). The 
molecular structure of this material was completely resolved and the end-group 
content was determined. Moreover, the presence of cyclic structures and structures 
containing ether-linkages was shown. The thermal properties of P23BF were 
analyzed by thermogravimetric analysis and differential scanning calorimetry. It 
was shown that this polyester was stable up to temperatures of 270 °C and that it 
is amorphous with Tg values from 72 till 113 °C, depending on the molecular 
weight. These properties would make these materials suitable for coating 
applications. 

 
 
 
 

 
 

 
 
This work has been published as: E. Gubbels, L. Jasinska-Walc, C.E. Koning, J. 
Polym. Sci. Part A: Polym. Chem. 2013, 51, 890-898.  
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2.1. INTRODUCTION  
A particularly attractive class of bio-based monomers are the furan-based 
molecules. These compounds show a high potential in step- and chain-growth 
polymerizations. As reported by Gandini et al.1–3 furan-based monomers can be 
derived from two compounds, viz. furfural (F) and 5-hydroxymethylfurfural 
(HMF).1–6 The acid-catalyzed dehydration of fructose to HMF can be performed 
with high selectivity and yields in high boiling polar solvents.7 However, due to 
expensive purification procedures using high boiling solvents (e.g. DMSO) for the 
synthesis of HMF this is not the most desired route. Recent developments, 
including the synthesis of HMF performed in supercritical acetone and water or by 
the addition of phase modifiers, yielded a pure product without the requirement of 
an extensive purification.7–10  
Recently, 2,5-furandicarboxylic acid (FDCA), as a HMF derivative, has gained 
particular attention as a suitable monomer for step-growth polymerization.11,12 
There are various routes towards to production of FDCA or its derivatives (e.g. 
dimethyl-2,5-furandicarboxylate (DMF)). Most scientific literature focusses on the 
preparation of these compounds from HMF, as mentioned above.13,14 HMF is an 
instable molecule and this makes storage difficult, and this precludes an easy route 
for the production of FDCA or DMF on an industrial scale. However, recent 
developments have made other preparation routes possible. Various one-pot 
routes starting from fructose have been published in the last decades.15,16 The 
company Avantium has developed a process in which not HMF, but HMF-alkoxy-
derivatives are used for the synthesis of FDCA or DMF, creating a much more 
stable system.17,18 Using this approach it has become feasible to prepare these 
furan-based compounds on industrial scale, making these compounds interesting 
for e.g. plastic applications. 
Due to their aromatic structure and bio-based origin, FDCA or DMF can be 
considered as excellent replacements for fossil fuel-based monomers such as 
terephthalic (TPA) or isophthalic acid (IPA). Recently, Okkerse et al.19 and Tavener 
et al.20 presented strategies towards TPA synthesized from renewable resources 
such as limonene or FDCA. Nevertheless, the proposed synthesis route of TPA 
from limonene involved stoichiometric amounts of lithium and chromium trioxide 
as reactants, which should be avoided in a large scale synthesis. Moreover, there 
are methods known from literature were FDCA or other furans are reacted with a 
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compound with a double bond by a Diels-Alder reaction.21 However, often these 
reactions are non-selective, yielding a low amount of the desired product. 
Monomers based on furanic residues can be successfully applied in both chain-
growth and step-growth polymerization processes. Furan-based monomers 
containing double bonds or functional groups like carbonyl or hydroxyl groups 
have been prepared for these purposes. Moore and Kelly22,23 initially explored the 
scope and limitations of FDCA in polycondensation reactions. The authors 
synthesized a series of polyesters based on FDCA and different diols and showed 
the enormous potential of this furan-based compound. However, due to the 
limited availability of high purity FDCA, the research interest in this field declined 
in the following years. Nevertheless, due to recent developments in the catalytic 
routes towards FDCA, it is currently possible to obtain high purity FDCA in larger 
amounts. These developments sparked a significant increase in the amount of 
research carried out in the field of FDCA-based polycondensates. Gandini et al. 
have shown that FDCA or related compounds are widely applicable in polymer 
chemistry.1–3,24–26 Furthermore, recent studies concerning the properties of high 
molecular weight polyesters, viz. poly(ethylene-2,5-furandicarboxylate) (PEF),26,27 
revealed that polycondensates based on FDCA or other furanic derivatives could 
be interesting replacements for fossil fuel-based polymeric materials. It was shown 
that polyesters based on FDCA reveal higher Tg values, heat deflection temperature 
and better barrier properties compared to their TPA analogues.28 Furthermore, the 
strong dienic character of some furan-based monomers2 extends their range of 
applications in polymer chemistry and material science.  
This chapter explores the use of FDCA and DMF as basis for the preparation of 
poly(2,3-butylene-2,5-furandicarboxylate). The reaction conditions are assessed 
and the resulting polyester is molecularly and thermally analyzed.  
 
2.2. EXPERIMENTAL SECTION 
2.2.1. Materials 
2,5-Furandicarboxylic acid (FDCA) was kindly supplied by Avantium. Meso-2,3-
butanediol (2,3-BD, fractionally distilled prior to use), titanium (IV) butoxide 
(TiBO), tin (II) ethylhexanoate (Sn(Oct)2), zirconium (IV) butoxide (80 wt% solution 
in 1-butanol) (ZrBO), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 37 wt% aqueous 
solution of hydrochloric acid (HCl), anhydrous magnesium sulphate (MgSO4), 4-
dimethylaminopyridine (DMAP), and 0.1 N and 0.5 N methanolic solutions of 
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potassium hydroxide (KOH) were purchased from Sigma Aldrich. Irganox 1330 
was obtained from CIBA Specialty Chemicals. Methanol (MeOH), chloroform 
(CHCl3) and tetrahydrofuran (THF) were obtained from Biosolve. Deuterated 
chloroform (CDCl3, 99.8% atom D) was obtained from Cambridge Isotope 
Laboratories. All chemicals were used as received unless stated otherwise. 
 
2.2.2. Synthesis of dimethyl-2,5-furandicarboxylate  
2,5-Furandicarboxylic acid (10 g, 0.064 mol) was reacted with methanol (118.7 g, 3.4 
mol) in the presence of hydrochloric acid (1 mL) as a catalyst. This reaction was 
allowed to continue for 18 h under reflux conditions. Subsequently, the catalyst 
was deactivated by the addition of 30 mL of 0.5 N methanolic KOH solution. The 
solvent was evaporated and the obtained white solid product was dissolved in 
CHCl3. The solution was filtered and washed with demi-water (2 x 200 mL) and 
brine (1 x 200 mL). Subsequently, this solution was dried over MgSO4. Then the 
solution was filtered and the solvent was evaporated using a rotary evaporator. 
The obtained solids were recrystallized from CHCl3 affording white crystals. Yield: 
80%. FTIR (ν/cm-1); 3118 (=CH); 2964 (C-H); 1719 (C=O); 1583, 1515 (C=C); 1264 (C-
O); 987, 834, 765 (=CH). 1H-NMR(400 MHz, CDCl3, δ, ppm): 3.94 (s, 6H), 7.23 (d, 
2H). 13C-NMR (100 MHz, CDCl3, δ, ppm): 52.36 (OCH3), 118.44 (furan ring C3 and 
C4), 146.67 (furan ring C2 and C5), 158.29 (C=O). Melting point (Tm) = 112 °C, Tm,lit 
= 107-108 °C.29 Elemental analysis calc. C8H8O5: C, 52.18; H, 4.38; O, 43.44, found: 
C, 52.24; H, 4.54; O, 43.18. 
 
2.2.3. Synthesis of furan-based polyesters 
In a typical polycondensation reaction, a mixture of 2,5-furandicarboxylic acid (5 g, 
0.032 mol) or dimethyl-2,5-furandicarboxylate (5.9 g, 0.032 mol) and 3 eq. of diol 
were reacted in a 100 mL three-necked round-bottom flask equipped with a 
Vigreux column, a Dean-Stark condenser and a mechanical stirrer. The first step of 
the polymerization was carried out at 180 °C under an argon atmosphere in the 
presence of irganox 1330 (1 wt% relative to the amount of furan-based monomer) 
and the catalyst (0.1 wt% relative to the total amount of the monomers). The 
transesterification process was followed by 1H-NMR spectroscopy and when the 
methyl-ester conversion exceeded 95% a second batch of catalyst (0.1 wt% relative 
to the initial total amount of the monomers) was added. The polycondensation was 
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continued under reduced pressure for 4 h at 220 °C. The analyses of the obtained 
polyesters were performed on crude samples. 
 
2.2.4. Characterization 
Size Exclusion Chromatography (SEC) was performed on a Waters Alliance system 
equipped with a Waters 2695 separation module, a Waters 2414 refractive index 
detector at 35 °C, a Waters 2487 dual absorbance detector, and a PSS SDV 5µ guard 
column followed by 2 PSS SDV linearXL columns 5µ (8 * 300) in series working at 
40 °C. Tetrahydrofuran stabilized with butylated hydroxytoluene (BHT) and 1 v:v-
% acetic acid was used as eluent at a flow rate of 1.0 mL min-1. The obtained 
molecular weights were calculated with respect to polystyrene standards (Polymer 
Laboratories, Mp = 580 g/mol up to Mp = 7.1*106 g/mol).  
The acid value (AV) was determined by potentiometric titration. The 
measurements were carried out using a Metrohm Titrino Plus 848 automatic buret 
equipped with a Metrohm 801 stirrer and Metrohm silver titrode. A known 
amount (~0.500 g) of the crude polyester and 7 mL of MeOH were dissolved in 
THF. Subsequently, the solution was titrated using a 0.1 N methanolic solution of 
KOH. The acid value (AV) was calculated using the following formula: 
 

𝐴𝑉 =  
𝑉𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝐶𝐾𝑂𝐻 ∗ 56.1

𝑊𝑠𝑎𝑚𝑝𝑙𝑒
                                                           𝑒𝑞. 1 

 
Herein Vsample, CKOH and Wsample are the volume of the titrant used for the titration 
of the sample, the concentration of the methanolic KOH solution and the sample 
weight, respectively. All samples were measured in duplo.  
Hydroxyl values (OHV) measurements were carried out using a potentiometric 
titration of acetylated hydroxyl end-groups of the polyesters. The measurements 
were carried out using a Metrohm Titrino Plus 848 automatic buret equipped with 
a Metrohm 801 stirrer and Metrohm silver titrode. A known amount (~0.500 g) of 
the crude polyester was dissolved in THF and subsequently reacted with an excess 
of acetic anhydride in the presence of 4-dimethylaminopyridine (DMAP). 
Afterwards, the unreacted acetic anhydride was hydrolyzed using a mixture of 
THF and water (3:1, v:v). Subsequently, the samples were titrated with a 0.5 N 
methanolic solution of KOH. The OHV was calculated using the following 
formula: 
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𝑂𝐻𝑉 =  
�𝑉𝑟𝑒𝑓 − 𝑉𝑠𝑎𝑚𝑝𝑙𝑒� ∗  𝐶𝐾𝑂𝐻 ∗ 56.1

𝑊𝑠𝑎𝑚𝑝𝑙𝑒
+ 𝐴𝑉                              𝑒𝑞. 2 

 
Herein Vref, Vsample, CKOH, Wsample and AV are the titrant volume used for the 
titration of the references, the titrant volume used for the titration of a sample, the 
concentration of the methanolic KOH solution, the weight of the sample and the 
acid value, respectively. All samples and references were measured in duplo. 
Matrix-assisted laser desorption/ionization time of flight mass spectrometry 
(MALDI-ToF-MS) was performed on a PerSeptive Biosystem Voyager-DE STR 
Biospectrometry-Workstation. An acceleration voltage of 20 kV, a grid of 63.2%, a 
delay time of 320 ns and 1000 shots per spectrum were applied. For MALDI-ToF-
MS analysis the samples were dissolved in THF at a concentration of 1 mg/mL. 
Trans-2-[3-(4-tert-butylphenyl)-2-methyl-propenylinden]-malononitrile was used 
as the matrix. The matrix, potassium trifluoroacetate and the polymer solution 
were premixed in a weight ratio of 4:1:4. The spectra were recorded in the reflector 
mode at positive polarity. 
Proton nuclear magnetic resonance (1H-NMR) spectroscopy was performed on a 
Bruker Avance III spectrometer at a resonance frequency of 400.167 MHz. For 1H-
NMR experiments the spectral width was 6402 Hz, the acquisition time was 1.998 
s, the delay time was 3 s and the number of scans was equal to 16. Samples were 
prepared by dissolving 15-20 mg of crude polyester in 0.8 mL CDCl3. Chemical 
shifts were reported in ppm relative to the signal of tetramethylsilane (TMS) used 
as the internal reference, present in the CDCl3. Data analysis was performed using 
Mestrec 4 software. 
Carbon nuclear magnetic resonance (13C-NMR) spectroscopy was performed on a 
Varian spectrometer at a resonance frequency of 100.343 MHz. For 13C-NMR 
experiments the spectral width was 25510 hz, the acquisition time was 1.285 s, the 
delay time was 1 s and the number of recorded scans was equal to 2000. Samples 
were prepared by dissolving 20-30 mg of crude polyester in 0.8 mL CDCl3. 
Chemical shifts are reported in ppm relative to the residual solvent peak of 
CDCl3 (δ = 77.0 ppm). Data analysis was performed by using Mestrec 4 software. 
Correlation 2D-nuclear magnetic resonance (COSY) spectroscopy was performed 
using a standard program provided by the Varian spectrometer library with the 
following parameters: spectral width SW1 = SW2 = 3676.5 Hz, acquisition time 0.15 
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s, relaxation delay 1.0 s, and number of scans 8 × 200 increments. Data analysis was 
performed using Mestrec 4 software. 
Gradient heteronuclear single quantum coherence (gHSQC) spectroscopy was 
performed using a standard program provided with the Varian spectrometer with 
the following parameters: frequency of 100.343 Mhz. For gHSQC experiments the 
spectral width was 6377 Hz for the 1H-NMR and 19065 Hz for the 13C-NMR, the 
acquisition time was 0.5 s and delay time was 3 s. There were 400 t1 increments 
with 8 scans per increment. Data analysis was performed by using Mestrec 4 
software. 
Fourier transform infrared (FTIR) spectroscopy was performed on a Varian 
FTIR3100 spectrophotometer using a golden gate set up. The spectra were 
recorded in the transmission mode at room temperature with a resolution of 2 cm-1. 
The spectra were obtained applying 100 scans per spectrum and were analyzed in 
the frequency range of 4000-700 cm-1. Data acquisition and processing was 
performed using Varian Resolutions 4 software.  
Electrospray ionization time of flight mass spectrometry (ESI-ToF-MS) and 
electrospray ionization quadruple time of flight mass spectrometry mass 
spectrometry (ESI-Q-ToF-MS-MS) were performed on a Synapt G1 HDMS mass 
spectrometer. The system was used in a positive ionization electrospray mode. The 
m/z was calibrated using sodium iodide. The most relevant parameters used for 
recording the spectra were the following: capillary voltage 2.5 kV; sampling 
voltage 40 V; extraction voltage 4 V; source temperature 100 °C; desolvation 
temperature 280 °C; desolvation gas flow 400 L/hr; cone gas flow 30 L/hr;  IMS gas 
flow 30 mL/min;  IMS wave velocity 300 m/s; IMS wave height 0.5 V; trap collision 
energy 6 V; trap gas flow  1 mL/min. Nitrogen was used as a carrier buffer gas. 
Data were analyzed using MassLynx 4.1. 
Thermogravimetric analyses (TGA) were performed using a TA-instruments Q500 
TGA. Samples were heated from 25 °C to 600 °C with a heating rate of 10 °C/min 
under a nitrogen atmosphere.  
Differential scanning calorimetry was performed using a DSC Q100 from TA-
instruments. The measurements were carried out from -50 °C to 180 °C with a 
heating and cooling rate of 10 °C/min under a nitrogen flow of 50 mL/min. The Tg 

values were obtained from the inflection point in the curve recorded during the 
second heating run. 
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2.3. RESULTS AND DISCUSSION 
2.3.1. Synthesis of poly(2,3-butylene-2,5-furandicarboxylate) 
Polyesters based on 2,5-furandicarboxylic acid (FDCA) or dimethyl-2,5-
furandicarboxylate (DMF) and 2,3-butanediol (2,3-BD) were prepared using a bulk 
polycondensation technique. The polycondensation reactions were catalyzed by 
titanium (IV) butoxide (TiBO), tin (II) ethylhexanoate (Sn(Oct)2), zirconium (IV) 
butoxide (ZrBO) or 1,5,7-triazobicyclo[4.4.0]dec-5-ene (TBD). An overview of the 
obtained results is presented in Table 2.1.   
 
TABLE 2.1. Molecular weight, polydispersity index, and acid and hydroxyl values 
of the poly(2,3-butylene-2,5-furandicarboxylate)s synthesized by bulk 
polycondensation catalyzed by various catalysts. 
Entry Monomer Catalyst Mn 

(kg/mol) 
PDI AV 

(mg KOH/gr) 
OHV 

(mg KOH/gr) 
1 FDCA TiBO 2.5 1.8 2.7 59.3 
2 FDCA Sn(Oct)2 3.7 2.1 2.9 27.7 
3 FDCA ZrBO 2.0 1.5 6.7 70.2 
4 DMF TiBO 2.2 1.6 0.3 70.2 
5 DMF Sn(Oct)2 7.0 2.6 0.0 3.70 
6 DMF ZrBO 2.4 1.7 11.3 25.6 
7 DMF TBD 0.7 1.2 n.d. n.d. 
8 DMF Sn(Oct)2 13 2.0 0.2 0.4 

n.d. = not determined 

Clearly, one can observe an influence of the catalyst and type of furan monomer on 
the molecular weight and end-group content of the synthesized polyesters. It is 
known that TiBO and Sn(Oct)2 are active catalysts in the synthesis of polyesters. 
Nevertheless, the polycondensation of FDCA and 2,3-BD catalyzed by Sn(Oct)2 
afforded higher molecular weights and thus proved a better activity of the catalyst. 
The lower activity of TiBO in the synthesis of FDCA-based polyesters has been 
observed by Khrouf et al.25  It was shown that the lower activity could be caused by 
coordination of the furan-ring with the titanium yielding a lower efficiency of the 
catalyst in the polycondensation reaction between diols and FDCA-based 
monomers. A high activity of Sn(Oct)2 is noticed for the synthesis of DMF-based 
polyesters, yielding products with Mn values around 7,000 g/mol (Entry 5, Table 



  
35 

2.1). Although the obtained molecular weights of these materials are higher than 
for the systems catalyzed by TiBO or ZrBO, their polydispersity index increased as 
well. This is probably caused by transesterification side-reactions leading to cyclic 
products.32 No indications that branching or gelation had occurred are noted. 
When TiBO was used as the catalyst, no significant increase in molecular weight or 
PDI was observed when DMF was used as an alternative for FDCA. Similar 
activities were observed when ZrBO was used as catalyst, yielding polyesters with 
Mn values in the range of 2,000-3,000 g/mol (Table 2.1). When TBD was used, the 
results were unsatisfactory, mostly yielding oligomers. Where the 
transesterification of DMF with 2,3-BD catalyzed by the metal-based catalysts was 
finished within one day, with TBD this took much longer. After almost three days 
of transesterification of DMF with 2,3-BD the reaction was still not completed. TBD 
was not used as catalyst when FDCA was the furan-based monomer, because the 
TBD would react with the carboxylic acid end-groups from FDCA. Finally, it was 
shown that using Sn(Oct)2 also higher molecular weight polyesters could be 
obtained (entry 8, Table 2.1). In order to obtain this higher molecular weight, the 
pressure was reduced further during the polycondensation step. Moreover, the 
polycondensation reaction time was increased to 8 hrs. The obtained P23BF 
samples proved to be brittle polyesters. This is most probably caused by the 
relatively low molecular weight of the polyesters.  
The obtained polyesters are almost exclusively hydroxyl end-capped, which is 
clear from the OHV and AV data reported in Table 2.1, and which was targeted as 
well. This was expected in view of the large excess of 2,3-BD used in the synthesis. 
This large excess of 2,3-BD basically generates a low molecular weight dihydroxy 
end-capped prepolymer in the first synthesis step, from which the excess of diol is 
eliminated by transesterification under reduced pressure. Differences in the total 
end-group content are most likely caused by the varying molecular weights of the 
poly(2,3-butylene-2,5-furandicarboxylate)s (P23BF). Moreover, in the cases when 
Sn(Oct)2 was used as catalyst also larger amounts of cyclics could be present, 
resulting in a lower end-group content.32 Furthermore, it is interesting to note that 
when ZrBO was used as the catalyst the obtained AVs are significantly higher 
when compared with the polymers obtained via TiBO or Sn(Oct)2 catalyzed 
polycondensation reactions. Where TiBO and ZrBO could be useful in the 
synthesis of coating resins, where lower molecular weights are desired, Sn(Oct)2 
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could be useful when higher molecular weight polyesters are the aim. Finally, TBD 
is not a suitable choice as catalyst in this type of polycondensation reaction. 
 
2.3.2. Characterization of poly(2,3-butylene-2,5-furandicarboxylate) 
To elucidate the molecular structures formed during the polymerization reaction, 
matrix-assisted laser desorption/ionization time of flight mass spectrometry 
(MALDI-ToF-MS) was applied. The analysis of the MALDI-ToF-MS spectra show 
the presence of P(23BF) distributions with different end-groups, which is 
supported by the titration data (Table 2.1). In Figure 2.1, a representative MALDI-
ToF-MS spectrum of the polyesters prepared by bulk polycondensation of FDCA 
and 2,3-BD is shown (Entry 1, Table 2.1). The repeating unit of the synthesized 
polyesters was indicated by the m/z differences between the adjacent MALDI-ToF-
MS signals, being equal to 210 g/mol and corresponding to the molar mass of one 
FDCA and one 2,3-BD unit. 

 

FIGURE 2.1. MALDI-ToF-MS spectrum of the poly(2,3-butylene-2,5-
furandicarboxylate)  (Entry 1, Table 2.1) obtained by the polycondensation reaction 
catalyzed by TiBO. 



  
37 

From Figure 2.1 the presence of seven different distributions can be observed. The 
m/z signals described as 1 and 6 are attributed to α,ω-hydroxy-end-capped 
polymer chains. These signals originate from hydroxyl-functional polyester chains 
with different counter ions, viz. potassium (1) and sodium (6). Furthermore, the 
distribution described as (4) corresponds to cyclic structures while (5) proves the 
presence of linear structures with one hydroxyl- and one carboxylic acid end-
group. Finally, distributions (2), (3) and (6’) correspond to the chains having one 
ether linkage in the backbone. Distributions (2) and (3) are attributed to ether 
containing α,ω-hydroxyl-functionalized chains with different counter ions, viz. 
sodium and potassium, respectively, while the distribution (6’) corresponds to 
cyclic structures. Although the MALDI-ToF-MS spectra do not show the signals 
corresponding to polyester chains that are carboxylic acid-functionalized at both 
chain ends, the presence of this less abundant structure cannot be excluded. One 
should realize that MALDI-ToF-MS is not a quantitative analytical technique. It is 
well known that in MALDI-ToF-MS the ionization efficiency is influenced by the 
type of end-groups of the respective chains. Moreover, mass discrimination within 
MALDI-ToF-MS is a known effect. The synthesis most probably exclusively 
yielded linear and cyclic species since no indications for branched structures were 
observed from MALDI-ToF-MS. As discussed by various authors1,30,31 FDCA could 
possibly participate in a Diels-Alder (DA) reaction as diene. However, from our 
recorded MALDI-ToF-MS spectra one can conclude that under the applied 
polycondensation conditions no significant amount of DA adducts was obtained. 
In Figure 2.2 the MALDI-ToF-MS spectrum of the polyester synthesized from DMF 
and 2,3-BD using TiBO as the catalyst (Entry 4, Table 2.1) is presented.  
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FIGURE 2.2. MALDI-ToF-MS spectrum of the poly(2,3-butylene-2,5-
furandicarboxylate)  (Entry 4, Table 2.1) obtained by the polycondensation reaction 
catalyzed by TiBO. 

 
The spectrum shows a similar distribution pattern as recorded for the FDCA-based 
polyester. The expected signals for α,ω-hydroxyl-end-capped macromolecules (1) 
and (6), α,ω-hydroxyl-end-capped species with one ether bond linkage in the 
backbone (2), cyclic structures (3) and cyclic structures with one ether linkage (6’) 
as well as hydroxyl and methyl ester end-capped molecules (4) are observed. 
Hence, these polyesters show a close resemblance to FDCA-derived polyesters 
(Figure 2.1). The spectrum of DMF-based polyesters shows one additional 
distribution (5). However, we are unable to assign this distribution to any of the 
expected structures. Moreover, this distribution does also not correspond to 
macromolecules with vinylic end groups (possibly formed by decarboxylation) or 
DA adducts.  
The chemical structure of the polyesters was proven by various nuclear magnetic 
resonance spectroscopic techniques. The proton nuclear magnetic resonance (1H-
NMR) spectrum of Entry 1 (Table 2.1) recorded in CDCl3 is presented in Figure 2.3.  
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FIGURE 2.3. 1H-NMR spectrum of poly(2,3-butylene-2,5-furandicarboxylate)    

(Entry 1, Table 2.1) recorded in CDCl3. 
 

The signals from the methylene groups of 2,3-BD (e and f) can be found at 1.4 and 
1.2 ppm, respectively. The use of the meso-form (2R,3S-butanediol) of 2,3-BD 
resulted in not well resolved methylene signals in the range 1.2-1.5 ppm. The 
furanic signal (signal a) clearly suggests that the furan-ring does not participate in 
Diels-Alder additions on a significant scale. The chemical shifts of the signals of the 
2,3-BD meso-form, viz. c, c’, d and d’, clearly show the difference in the 
stereochemistry of the end-groups of the 99% meso-form of 2,3-BD. The ratio 
between the end-group signals (e.g. d and d’) does not change significantly during 
the polycondensation reaction. Hence, the stereochemistry of the monomer is 
retained during the polyester synthesis. Signal b is assigned to the protons from 
the 2,3-BD units which are present within the main chain.  In order to corroborate 
the previously mentioned assignment, a P23BF oligomer was studied using 1H-
NMR (Figure 2.4) and 2D-correlation spectroscopy (COSY) (Figure 2.5). These 
materials show intense resonances of the end-groups, and thus are ideal for the 
peak assignment. 
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FIGURE 2.4. 1H-NMR spectrum of a poly(2,3-butylene-2,5-furandicarboxylate) 
oligomer recorded in CDCl3. 

 
From the above presented 1H-NMR spectrum the end-groups (signals c/c’ and 
d/d’) are very clearly visible. When these are compared to the results presented in 
Figure 2.3, here they are much more intense due to the lower molecular weight of 
the sample. Moreover, signal b in Figure 2.4 is much smaller as in Figure 2.3, also 
showing the low molecular weight of this sample. Unreacted 2,3-BD (signal m, 
Figure 2.4) is also still present in this sample, because the removal of the excess 2,3-
BD takes place during the second reaction step (polycondensation). In addition, 
resonances originating from structures with an ether linkage were not found in 
the 1H-NMR spectra. The amount of these species could be too low for detection by 
NMR spectroscopic techniques.   
In order to show that this peak assignment is valid, correlation 2D-nuclear 
resonance (COSY) spectroscopy was applied. The results from this analysis are 
presented in Figure 2.5. From this COSY spectrum it becomes clear that the 
assignment as presented in Figure 2.3 and 2.4 is correct. The end-groups are clearly 
visible and they couple with the appropriate signals in the aliphatic region (1-2 
ppm). It is clear that the signals from c/c’ do couple with d/d’ and not with signal 
b. This was expected because signal b originates from protons within the polymer 
chain and not from the end-groups. 
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FIGURE 2.5. COSY spectrum of a poly(2,3-butylene-2,5-furandicarboxylate) 
oligomer recorded in CDCl3. 
 
The presence of different proton resonances of the end-groups allowed the 
calculation of the molecular weight of the synthesized polyesters (Table 2.1). The 
Mn,NMR values are comparable to those obtained from SEC measurements. A 
difference between these two values was expected, because it was reported that 
SEC overestimates the molecular weight of a polyester material.32,33 Thus there is a 
deviation from the end-group to repeat unit ratio as obtained from 1H-NMR. 
Cyclics could account for this deviation because these do not have end-groups, but 
are taken into account when calculating the number of repeat units per chain. 
Furthermore, for the calculation of the Mn,NMR values of the polyesters the possible 
influence of the amount of carboxylic acid end-groups has been omitted. These 
carboxylic end-groups are difficult to discern from 1H-NMR experiments in CDCl3.  
To verify the molecular structure of the P23BF backbone, carbon nuclear magnetic 
resonance (13C-NMR) specroscopy was used. In Figure 2.6, a representative 13C-
NMR spectrum of Entry 1 (Table 2.1) is shown.  
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FIGURE 2.6. 13C-NMR spectrum of poly(2,3-butylene-2,5-furandicarboxylate)   
(Entry 1, Table 2.1) recorded in CDCl3. 

 
Signals from the FDCA residues described as a, g and h are found at 118.7, 146.7 
and 157.1 ppm, respectively. The chemical shifts of these signals prove that the 
original chemical structure of FDCA is retained during the polymerization. An 
examination of the aliphatic region of the carbon spectrum allowed the assignment 
of the signals of 2,3-BD. Signals from the 2,3-BD backbone b, e and f are found at 
72.7, 16.2 and 15.2 ppm, respectively. Furthermore, due to the different 
conformation of the protons in 2,3-BD also the 13C-NMR signals d, d’, c and c’ are 
visible as well-resolved resonances at 69.1, 69.5, 76.1 and 76.5 ppm, respectively. 
Signal m in Figure 2.6 originates from residual unreacted 2,3-BD. The presence of 
ether linkages, present in the macromolecules and visible in MALDI-ToF-MS 
spectra, could not be proven by NMR. This might result from the relatively low 
content of ether bonds, undetectable by NMR techniques. To corroborate these 
assignments a similar approach as presented for 1H-NMR was applied. A 13C-NMR 
and gradient heteronuclear single quantum coherence (gHSQC) spectroscopy 
experiment was applied on a P23BF oligomer and the results are presented in 
Figure 2.7 and 2.8. In Figure 2.7, results are shown for the region where the end-
groups are situated in the 13C-NMR spectrum 
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FIGURE 2.7. 13C-NMR spectrum of a poly(2,3-butylene-2,5-furandicarboxylate) 
oligomer recorded in CDCl3. 
 
From the above presented spectrum it is clear that the signals c/c’ and d/d’ are 
considerably more intense than those presented in Figure 2.6. This shows that the 
molecular weight is lower and that the assignment in Figure 2.6 is correct. Finally, 
to corroborate this conclusion gradient heteronuclear single quantum coherence 
(gHSQC) spectroscopy was applied and the results of this analysis are shown in 
Figure 2.8.  
 

 
FIGURE 2.8. gHSQC spectrum of a poly(2,3-butylene-2,5-furandicarboxylate) 
oligomer recorded in CDCl3. 
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These results clearly verify the above stated assignments of the various resonances 
in the 13C-NMR spectrum. These NMR studies corroborate the expected molecular 
structure of the P23BF polyester. 
To elucidate further the type of functional groups present and to obtain 
complementary insight regarding the chemical structure of FDCA/DMF-based 
polyesters, Fourier transform infrared spectroscopy (FTIR) was employed. FTIR 
spectra of FDCA (1) and DMF (5) (Figure 2.9) show a close resemblance, proving 
that the chemical structure of FDCA and DMF-based polyesters is similar. 
 

 
FIGURE 2.9. FTIR spectrum of poly(2,3-butylene-2,5-furandicarboxylate)s, entries 
1 (solid line) and 5 (dashed line) in Table 2.1. The spectra were recorded at room 
temperature and show frequency ranges between 4000-700 cm-1. 

 
In both spectra, a signal at 3361 cm-1 is observed which is assigned to the stretching 
vibrations of hydroxyl groups and implying the presence of both free and 
hydrogen bonded hydroxyl groups. Simultaneously, the formation of ester bonds 
is verified by the band at 1714 cm-1 characteristic for the C=O stretching vibrations. 
The pronounced signals at 1448 cm-1 and 1380 cm-1 are assigned to the CH3 
bending vibrations from 2,3-BD residues in the polyester backbone. The signals at 
1579 cm-1 and 1500-1510 cm-1 correspond to the vibrations of the furan ring. 
Furthermore, the signals below 1300 cm-1 belong to various bending vibrations of 
the di-substituted furan rings. Careful analysis of the FTIR spectra, in agreement 
with the NMR study presented before, do not show the presence of Diels-Alder 
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products formed during polycondensation process. Furthermore, the signals 
originating from ether groups, present in the polyester backbone according to the 
MALDI-ToF-MS analysis, are not detected. As stated above, this is a result from 
their relatively low content and/or overlap with other signals  
Electrospray ionization time of flight mass spectrometry (ESI-ToF-MS) and 
electrospray ionization quadruple time of flight mass spectrometry mass 
spectrometry (ESI-Q-ToF-MS-MS) were used to study the presence of ether-
linkages in the synthesized polyester, the presence of which was shown by 
MALDI-ToF-MS (Figure 2.1).  
 
 

          

FIGURE 2.10. Mass spectra of poly(2,3-butylene-2,5-furandicarboxylate) (1) a) ESI-
ToF-MS, b) ESI-Q-Tof-MS-MS. 
 
In Figure 2.10a an ESI-ToF-MS spectrum is presented. An advantage of this 
particular ESI-ToF-MS over MALDI-ToF-MS is the possibility to select one 
distribution, by ion mobility separation (IMS), and fragment the chosen 
distributions further. The results of the chain fragmentation of the polyester with 
m/z 605 g/mol are presented in Figure 10b. The analysis of the isotope patterns 
revealed the presence of signals corresponding to chain fragments containing an 
ether bond with an m/z of 129 g/mol (Figure 2.10b, insert). The other signals were 
analyzed and proved the expected structure of poly(2,3-butylene-2,5-
furandicarboxylate).  
The thermal properties of poly(2,3-butylene-2,5-furandicarboxylate)s were studied 
using differential scanning calorimetry (DSC) and thermogravimetric analysis 
(TGA). An overview of the thermal properties of the synthesized polyesters is 

a) b) 



 
46 

shown in Table 2.2. The thermogravimetric analyses of the synthesized polyesters 
was performed under nitrogen atmosphere and revealed that these materials show 
sufficient thermal stability to be cured at elevated temperatures. The first step in 
the decomposition of the polyesters is noted above 280 °C while the maximum rate 
of their degradation is observed above 300 °C (Table 2.2). A slight influence of the 
polyester molecular weight on their decomposition temperature is observed. With 
an increasing molecular weight of the polymers the thermal stability increased. 
This phenomenon is related to degradation reactions involving end groups. 
 
TABLE 2.2. Thermal properties of poly(2,3-butylene-2,5-furandicarboxylate)s 
obtained by DSC and TGA. 

Entry Tg (˚C) Tdeg,5% (˚C) Tdeg,max (˚C) 
1 80a 299 342 
2 96 296 342 
3 74 276 343 
4 71 280 334 
5 109 301 335 
6 81 277 304 
7 n.d. n.d. n.d. 
8 113 309 340 

a Tg obtained from the first heating curve, no clear Tg could be determined from 
the second heating run, n.d. not determined. 
 
The DSC analysis shows that these polyesters are fully amorphous and exhibit Tg 
values between 71 °C and 113 °C. Based on the results presented in Table 2.2 it 
follows that, within the studied Mn range, the molecular weight of the polyester 
macromolecules strongly influences their Tg values. With increasing number 
average molecular weight of the polyesters from 2,200 g/mol to 13,000 g/mol, their 
glass transition temperature increases from 71 °C to 113 °C. This behavior was 
studied using the Fox-Flory equation (eq. 3).34  
 

𝑇g =  𝑇g,∞ −  
K
𝑀n

                                               𝑒𝑞. 3 

In this equation Tg, Tg,∞, K and Mn are the glass transition temperature of the 
material, the glass temperature of the polymer at infinite molecular weight, the 
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Fox-Flory constant and the number molecular weight of the polymer, respectively. 
The resulting trend is presented in Figure 2.11, which also includes low molecular 
weight polyesters which are not reported in Table 2.1.  
 

 
 

FIGURE 2.11. Glass transition temperatures as obtained from differential scanning 
calorimetry versus the molecular weight. 
 
The data was fitted using equation 3, from this analysis a Tg,∞ value equal to 125 °C 
and a K-value equal to 96000 are obtained. The K-value shows that the Tg value of 
the material is strongly dependent on the molecular weight of the sample. A 
polyester with a similar structure to the FDCA-based polyesters is poly(ethylene 
terephthalate) (PET). This semi-aromatic polyesters shows a K-value equal to 
56000.35 Therefore, PET reveals a less significant molecular weight dependence of 
the Tg value. Partially, due to the presence of rigid 2,3-BD-residues in the main 
chain, P23BF has a stiffer backbone compared with the ethylene glycol-based PET.  
The high glass transition temperatures even at number average molecular weights 
in the range of 2,000-3,000 g/mol make these fully biomass-based poly(2,3-
butylene-2,5-furandicarboxylate)s very interesting candidates for powder coating 
applications, for which glass transition temperatures over 45 °C and good flow 
properties in the temperature range 180-200 °C are required. In Chapters 3 and 4 
this polyester will be used as a basis for various coating resins, which are also 
evaluated. Furthermore, the material with a molecular weight of 13 kg/mol shows 
a Tg value of 113 °C. P23BF shows a 30 °C increase in Tg when compared with 
poly(ethylene-2,5-furandicarboxylate) and PET.37 This could make this material 
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also suitable for hot-fill applications (e.g. soda drink bottles). Nowadays, the semi-
crystalline poly(ethylene terephthalate) is used for that purpose.  
 
2.4. CONCLUSIONS 
Poly(2,3-butylene-2,5-furancarboxylate)s were successfully synthesized by bulk 
polycondensation using titanium (IV) butoxide (TiBO), tin (II) ethylhexanoate 
(Sn(Oct)2), zirconium (IV) butoxide (ZrBO) or 1,5,7-triazabicyclo[4.4.0]dec-5-ene 
(TBD) as the catalysts. The analysis of the molecular weights of the polyesters 
proved a significant activity of Sn(Oct)2 yielding products with molecular weights 
above 7.0 kg/mol. Simultaneously, Sn(Oct)2 was found to be a very efficient 
transesterification catalyst for these polycondensations, leading to the formation of 
cyclic structures. The use of TBD as catalyst for this polycondensation reaction 
yielded no satisfactory results. 
MALDI-ToF-MS spectra showed several distributions representing α,ω-hydroxyl-
end-capped polymer chain fragments, cyclic structures and polyester chains 
having both one hydroxyl and one carboxylic acid end-groups. The formation of 
ether linkages in the backbone was proven using a combination of MALDI-ToF-
MS, ESI-ToF-MS and ESI-Q-ToF-MS-MS techniques. Furthermore, NMR and FTIR 
analysis confirmed the expected chemical structure and the presence of 
predominantly hydroxyl end-groups in the P(23BF). Besides, the meso structure of 
the 2,3-BD was clearly reflected by the presence of well-resolved 1H and 13C-NMR 
signals at 5.1 ppm, 4.1 ppm, 69 ppm and 76 ppm, respectively. Moreover, no 
indications were found for a Diels-Alder reaction occuring under the applied 
reaction conditions. 
The analysis of the thermal properties of the polyesters confirmed their suitability 
for practical applications. The Tg values of the synthesized poly(2,3-butylene-2,5-
furandicarboxylate)s, with number average molecular weights in the range of 
2,000-7,000 g/mol, were found to lie between 71°C and 113 °C, strongly depending 
on their molecular weights. This dependence was studied using a Fox-Flory 
relationship and the Fox-Flory constant for this polyester was determined. All 
obtained polyesters are fully amorphous and thermally stable up to 270-300 °C. 
The thermal stability also proved to be slightly affected by the molecular weight of 
the P(23BF)s. 
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Chapter 3. Linear and branched polyester resins based on 
dimethyl-2,5-furandicarboxylate for coating applications 

 
Abstract. In this study, novel bio-based hydroxyl end-capped (co)polyesters from 
dimethyl-2,5-furandicarboxylate (DMF), 2,3-butanediol, and a variety of 
comonomers viz. glycerol, pentaerythritol or trimethylolpropane were prepared 
using a solvent-free, bulk polycondensation technique. Extensive molecular and 
thermal characterization was performed to elucidate the properties of these 
materials. The materials showed suitable properties for solvent-borne coating 
applications in terms of their molecular weight, functionality and thermal 
characteristics. Subsequently, coatings were prepared using the isocyanurate of 
hexamethylene diisocyanate as a cross-linker. The resulting coatings, having 
thicknesses between 30 and 55 μm, were hard but rather brittle. Moreover, all the 
coatings showed good solvent resistance. It is clear that the presented DMF-based 
polyesters show promise as bio-based coating resins. 

 
 
 
 
 

 
 
 
 

 
 
 
This work has been published as: E. Gubbels, L. Jasinska-Walc, B.A.J Noordover, 
C.E. Koning, Eur. Polym. J. 2013, 49, 3188-3198. 
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3.1. INTRODUCTION  
In Chapter 2, we reported the synthesis of poly(2,3-butylene-2,5-
furandicarboxylate) (P23BF) with the aim of determining suitable reaction 
conditions. This fully bio-based polyester showed promising properties for coating 
purposes.1 In this chapter dimethyl-2,5-furandicarboxylate and 2,3-butanediol will 
be used as basis for a series of copolyesters in which various comonomers with 
functionalities greater than two were included. 
 

 

SCHEME 3.1. A schematic representation of the polymerization reaction of 
dimethyl-2,5-furandicarboxylate, 2,3-butanediol and pentaerythritol. 
 
This copolymerization will lead to polymeric chains with a higher average degree 
of functionality, which in turn will lead to a more densely cross-linked network 
after the curing reaction. The copolymerization was achieved using the bio-based 
monomers glycerol and pentaerythritol (Scheme 3.1)2 and the fossil fuel-based 
compound trimethylolpropane. The copolyester synthesis and molecular 
characterization are described in the first part of this chapter. After the elucidation 
of the obtained polymeric structures, these materials are evaluated as solvent-
borne coatings. The mechanical and thermal properties of the resulting coatings 
are analyzed using various techniques. 
 
3.2. EXPERIMENTAL SECTION 
3.2.1. Materials 
Dimethyl-2,5-furandicarboxylate (DMF) was a kind gift from Avantium. Titanium 
(IV) butoxide (TiBO), 2,3-butanediol (2,3-BD, distilled prior to use), glycerol (GLY), 
pentaerythritol (PER), 1,1,1-tris(hydroxymethyl)propane (TMP), 4-
dimethylaminopyridine (DMAP), 0.1 N and 0.5 N methanolic solutions of 
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potassium hydroxide (KOH) and anhydrous 1-methyl-2-pyrrolidinone (NMP) 
were obtained from Sigma-Aldrich. Tetrahydrofuran (THF) and dichloromethane 
(DCM) were obtained from Biosolve. Irganox 1330 was obtained from Ciba 
Specialty Chemicals. The isocyanurate trimer of hexamethylene diisocyanate 
(Desmodur N3600) was a kind gift from Bayer AG. Deuterated chloroform (99.8 % 
atom D) was obtained from Cambridge Isotope Laboratories. All chemicals were 
used as received unless stated otherwise.  
 
3.2.2. Synthesis of dimethyl-2,5-furandicarboxylate-based (co)polyesters 
A mixture of dimethyl-2,5-furandicarboxylate (5.9 g, 0.027 mol) and 2,3-butanediol 
(7.29 g, 0.081 mol) was reacted in a 100 mL three-necked round-bottom flask 
equipped with a Vigreux column, a Dean-Stark condenser, and a mechanical 
stirrer. The first step of the polymerization was carried out at 180 °C under argon 
atmosphere in the presence of irganox 1330 (1 wt% relative to the amount of DMF) 
and titanium (IV) butoxide (0.1 wt% relative to the total amount of the monomers). 
The transesterification process was followed by 1H-NMR spectroscopy and when 
the methyl-ester conversion exceeded 95% a second batch of catalyst (0.1 wt% 
relative to the initial total amount of the monomers) was added. The 
polycondensation was continued under reduced pressure for 4 h at 220 °C. The 
analyses of the obtained (co)polyesters were performed on the crude samples. 
Copolyesters were prepared using a similar method but with the addition of 5 or 
10 mol% comonomer (relative to the amount of DMF) in the initial feed. 
 
3.2.3. Preparation of solvent-borne coatings 
The hydroxyl end-capped polyesters were cured using a trimer of hexamethylene 
diisocyanate (trade name: Desmodur N3600, Scheme 3.2).  
A solution of 0.25 g of (co-)polyester in 0.4 mL of N-methyl-2-pyrrolidone (NMP) 
was prepared, as well as a separate solution of Desmodur N3600 (1.1 mol eq. 
calculated from the hydroxyl end group value, OHV, obtained by titration) in 0.15 
mL NMP. Subsequently, the two solutions were mixed and applied as a wet 
coating on an aluminum surface using a doctor blade with a spacing of 250 μm. 
The coatings were applied onto an aluminum Q-panel, which was preheated to 80 
°C. The wet coating was allowed to dry at 80 °C for 4 h and at room temperature 
overnight. The dried coating was cured at 180 °C for 20 min under N2 atmosphere.  
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3.2.4. Characterization 
Size exclusion chromatography (SEC), matrix-assisted laser desorption/ionization 
time of flight mass spectrometry (MALDI-ToF-MS), proton (1H-NMR) and carbon 
nuclear magnetic resonance (13C-NMR) and Fourier transform infrared (FTIR) 
spectroscopy, differential scanning calorimetry (DSC), thermogravimetric analysis 
(TGA), correlation 2D-nuclear magnetic resonance (COSY) and gradient 
heteronuclear single quantum coherence (gHSCQ) spectroscopy analysis were 
carried out as described in Chapter 2. Moreover, the acid (AV) and hydroxyl value 
(OHV) were determined as described in paragraph 2.2.4. 
UV/VIS spectroscopy was performed using a Hewlett Packard 8433 
spectrophotometer combined with a Hewlett Packard 89090A thermocontroller. 
Samples were prepared with a concentration of 5 mg/mL in dichloromethane and 
studied at a wavelength of 405 nm. The path length of the light through the sample 
was 1 cm. Data analysis was performed using Chemstation software. 
Coating performance was analyzed using the following techniques: acetone double 
rub test (solvent resistance test: the sample is rubbed back and forth with a cloth 
drenched in acetone; if the solvent withstands 100 double rubs, the coating has a 
good acetone resistance), reverse impact test (a rapid deformation test, performed 
by dropping a weight (1 kg) on the back side of the coating panel from a controlled 
height (69 cm)) and the pencil hardness test (performed by scratching the coating 
with pencils of increasing hardnesses). Thicknesses of the obtained coatings were 
measured using a magnetic induction coating thickness meter (Twin-check by List-
Magnetik GmbH). 
 
3.3. RESULTS AND DISCUSSION 
3.3.1. Preparation of linear and branched dimethyl-2,5-furandicarboxylate-based 
(co)polyesters 
Various dimethyl-2,5-furandicarboxylate (DMF)-based (co-)polyesters (Table 3.1) 
were synthesized using the bulk polycondensation of bio-based DMF, 2,3-
butanediol (2,3-BD) and various comonomers with functionalities exceeding two in 
the presence of titanium (IV) butoxide (TiBO) as catalyst. The comonomers used in 
this chapter are glycerol (GLY), pentaerythritol (PER) and trimethylolpropane 
(TMP). The first two polyols are considered to be bio-based, and the third is petro-
based. An overview of the results obtained for the DMF-based (co)polyesters is 
presented in Table 3.1.   



 

 

TABLE 3.1. Linear and branched (co)polyesters based on dimethyl-2,5-furandicarboxylate (DMF), 2,3-butanediol (2,3-BD), 
glycerol (GLY), pentaerythritol (PER) and trimethylolpropane (TMP) obtained by bulk polycondensation. 
Entry Initial feed 

composition  
(mol. ratio) 

Final composition 

(mol. ratio)a  
Mn 

(kg/mol)b 

PDIb 

 
OHV 

 (mg KOH/g) 
AV  

(mg KOH/g) 
pcc 

1   DMF:2,3-BD  
[1:1] 

 DMF:2,3-BD  
[1:1] 

2.2 1.6 70.2 0.3 - 

2  DMF:2,3-BD:GLY  
[1:0.95:0.05] 

DMF:2,3-BD:GLY  
[1:0.97:0.03] 

2.7 2 70.8 7.1 0.985 

3  DMF:2,3-BD:GLY  
[1:0.90:0.10] 

DMF:2,3-BD:GLY  
[1:0.94:0.06] 

2.2 2.3 108 3.6 0.969 

4  DMF:2,3-BD:PER 
[1:0.95:0.05] 

DMF:2,3-BD:PER 
[1:0.96:0.04] 

2.2 3.5 
 

68.8 1.6 0.961 

5  DMF:2,3-BD:PER  
[1:0.90:0.10] 

DMF:2,3-BD:PER  
[1:0.91:0.09] 

2.3 3.6 131 2.5 0.905 

6  DMF:2,3-BD:TMP 
[1:0.95:0.05] 

DMF:2,3-BD:TMP 
[1:0.97:0.03] 

2.0 2.1 56.4 4.7 0.981 

7  DMF:2,3-BD:TMP  
[1:0.90:0.10] 

DMF:2,3-BD:TMP  
[1:0.91:0.09] 

2.2 1.9 129 2.6 0.962 

a Final composition was determined by 1H-NMR spectroscopy; b Determined using size exclusion chromatography; c critical 
conversion after which gelation occurs determined using eq. 1. 



 

In order to determine if the transesterification of DMF with 2,3-BD and the 
comonomers was complete, proton nuclear magnetic resonance (1H-NMR) 
spectroscopy was used. The amount of unreacted methoxy-groups was 
determined as function of the reaction time from the integral of the methoxy 
resonance at 3.9 ppm. When the conversion of the methyl esters exceeded 95%, an 
additional amount of TiBO was added to the reaction mixture. Subsequently, the 
pressure was reduced and the temperature was raised to facilitate a more efficient 
condensate removal, yielding higher molecular weight polyesters. These 
(co)polyesters were intended to be used as coating resins, thus a number average 
molecular weight of 2.0-6.0 kg/mol was desired. In order to obtain a (co)polyester 
with a high amount of hydroxyl groups (Table 3.1), a threefold excess of hydroxyl-
groups compared to methyl-ester groups was used in the feed.  
In Table 3.1, the feed and final compositions are presented and a difference 
between these two is observed. The final composition was determined using 
proton nuclear magnetic resonance (1H-NMR) spectroscopy and to calculate this, 
the assumption was made that all the free hydroxyl groups originating from the 
comonomer were converted into ester-groups. Using this approach, the final 
composition of the copolyesters was calculated and it was shown that in all cases 
the tri- or tetrafunctional comonomer was partially removed from the reaction 
vessel during the synthesis. Entries 2, 3 and 6 in Table 3.1 show that the final 
composition of the copolyester indeed contains lower amounts of GLY and TMP 
than the amount present in the feed. The relatively low calculated GLY content of 
entries 2 and 3 could also be an effect of the assumption which was mentioned 
above. If not all the hydroxyl-groups of the GLY were converted, the used 
approach inherently underestimates the amount of GLY. The other entries, for 
which the comonomers only contain primary OH groups, show a better agreement 
between the feed and incorporated comonomer content. In this chapter, branched 
(co)polyesters are aimed for as suitable materials with enhanced functionality for 
coating applications. An enhanced functionality would lead to a faster network 
formation and to a more densely cross-linked network.   
The obtained poly(2,3-butylene-2,5-furandicarboxylate) (P23BF)-based                  
(co-)polyesters have molecular weights in the range of 2.0-3.0 kg/mol, which in 
principle makes them suitable for coating applications. Note that the preparation 
of coatings using lower molecular weight polyesters, having relatively high end-
group contents, would require a significant amount of (expensive) curing agent. 
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The PDI values obtained for these materials are found to be in the range of 2-4. 
Entry 1 shows only a PDI of 1.6, resulting from a low monomer conversion. A PDI 
value in the order of 2 would be expected for a polycondensation reaction at high 
conversion of functional groups yielding linear polymeric chains. Branched 
structures have a lower hydrodynamic volume in comparison with linear chains of 
the same molecular weight and consequently, since the SEC is calibrated using 
linear standards, their molecular weights as measured by SEC are always 
underestimated. Moreover, branching enhances the weight average molecular 
weight and therefore results in a broader PDI. A more detailed explanation of the 
obtained PDI values is given below. In addition, the occurrence of side-reactions, 
such as cyclization, ether-formation, Michael-addition or Diels-Alder reactions, 
ring opening of the furan ring or decarboxylation of the ester-bonds, could affect 
the PDI values of the materials. In the previous chapter, the synthesis of P23BF was 
presented using similar conditions and it was shown that cyclization and ether-
formation were the only side-reactions taking place on a measurable scale.1  

The conversion at which gelation would occur was determined using a statistical 
approach (eq. 1). 
 

𝑝𝑐 =
1

[𝑟(𝑓𝑒0 − 1)(𝑔𝑒0 − 1)]1/2                             𝑒𝑞. 1 

 
Where pc, r, fe0 and ge0 are the critical extent of the reaction, the stoichiometric 
imbalance and the end-group averaged functionality of the hydroxyl and 
carboxylic acid groups, respectively. Entry 1 (Table 3.1) cannot form a gel, but the 
other materials would be able to gelate during the polymerization reaction. The 
extent of the reaction of these materials was determined using the following 
equation (eq. 2): 
 

𝑋𝑛���� =
2

2− 𝑝𝑓𝑎𝑣
                                         𝑒𝑞. 2 

 
Where Xn, p and fav are the average degree of polymerization, the extent of the 
reaction and the average functionality, respectively. Since the stoichiometry in 
these reactions is not balanced the average functionality is calculated using the 
following equation (eq. 3):    
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𝑓𝑎𝑣 =
2 ∗ (𝑁𝐴𝑓𝐴 + 𝑁𝐵𝑓𝐵)
𝑁𝐴 +𝑁𝐵 +𝑁𝐶

                            𝑒𝑞. 3 

 
In which Nx and fx are the number of moles and functionality of that respective 
monomer. In this case, the diol and polyol are designated as monomers A and B, 
respectively. The materials containing glycerol (Entries 2 and 3, Table 3.1) show 
PDI values close to 2 and the extent of the reaction is in the order of 0.926 – 0.928, 
which is below pc. The increase in the PDI value can be attributed to the increase in 
the degree of branching when more GLY is incorporated. The extent of the reaction 
for entries 4 and 5 are determined to be 0.917 and 0.868, hence, significantly below 
the pc. Interestingly, the PDI values of the P23BF-based copolyesters containing 
PER are significantly higher (Table 3.1). The increase of the PDI values can be 
attributed to an increase in the degree of branching (vide supra) or by a 
heterogeneous polymer build-up yielding a much wider molecular weight 
distribution. The reaction rate difference between the functional groups of PER and 
2,3-BD (i.e. primary vs. secondary hydroxyl groups) yields a non-homogeneous 
polymer build-up. At the start of the reaction branched oligomers will be formed 
and once all the functional groups from the PER have reacted the remaining DMF 
will form linear chains. During the polycondensation step of the reaction the 
molecular weight of these branched oligomers will increase rapidly leading to a 
high molecular weight fraction. However, due to the relatively low extent of the 
reaction not all chains will contain a PER unit. This implies that low molecular 
weight, linear species are still present and this could be observed from the SEC 
traces. Both the increase in the degree of branching and the presence of the low 
and high molecular weight species yielded the high PDI values. The extent of the 
reaction for entries 6 and 7 are determined to be 0.911 and 0.916, respectively. 
Unexpectedly, these materials show PDI values around 2 while higher values were 
expected. As with PER, initially branched oligomers will be formed because of 
reaction rate differences and these non-linear species would show a more rapid 
molecular weight increase. However, from the SEC traces no significant amounts 
of either very high (excessive branching) or low molecular weight species (i.e. 
higher extent of the reaction) were observed. This resulted in the relatively low 
PDI values compared to those of the materials containing GLY and PER.  
However, very localized gelation because of the non-homogeneous polymer build-
up, which would lead to a decrease in the PDI values, could not be disproven.   
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The end-group analysis shows that the obtained polyesters are predominantly 
hydroxyl end-capped. This proves the efficacy of using an initial three-fold excess 
of hydroxyl groups. The end-group content of these materials would make them 
suitable candidates to be used for coating applications where a polyfunctional 
isocyanate is applied as the curing agent. The hydroxyl values (OHV) obtained for 
entries 3, 5 and 7 are significantly higher than those of the other materials (see 
Table 3.1). The use of 10 mol% of multifunctional comonomer clearly increases the 
average functionality per chain. However, a significant amount of curing agent 
will need to be added to obtain a sufficiently cured network based on these 
materials. Nevertheless, because of this high end-group content a densely cross-
linked network will be formed. As a result, the coatings could show good solvent 
resistance and mechanical properties. Furthermore, the acid values (AV) of the 
DMF-based (co)polyesters are in the order of 0 - 7 mg KOH/g, which is not 
expected to lead to a significant amount of undesired side-reactions or dangling 
ends during the curing process with a polyfunctional isocyanate. As presented in 
Table 3.1, entries 2 and 6 show higher AVs which could be caused by side-
reactions, which took place during the polycondensation reaction. 
 
3.3.2. Molecular characterization of the linear and branched dimethyl-2,5-
furandicarboxylate-based (co)polyesters 
The molecular structure of the (co)polyesters was studied using various nuclear 
magnetic resonance (NMR) spectroscopic techniques. 1H-NMR spectroscopy and 
2D-NMR correlation spectroscopy (COSY) were initially used to analyze the 
structure of the copolyesters. The 1H-NMR and COSY spectra of 5 (Table 3.1) were 
chosen as examples and are presented in Figures 3.1 and 3.2. The 1H-NMR spectra 
of the other P23BF-based copolyesters in the region from 3 ppm to 6 ppm are 
presented in appendix A (Figure A1). 
Figure 3.1 clearly shows that the resonances corresponding to the P23BF backbone 
(signals a-f, Figure 3.1) are prominent. The position of these resonances are in good 
agreement with the results presented in Chapter 2 (Figure 3.2). Nevertheless, 
additional signals of unreacted 2,3-BD (signals m and x, Figure 3.1) are observed in 
the 1H-NMR spectrum. From the 1H-NMR spectrum it is clear that meso-2,3-
butanediol was used, which can be seen from the splitting of the resonances c and 
d into c and c’ and d and d’, respectively. Moreover, it is clear from Figure 3.1 that 
the comonomer (signal g) is incorporated into the backbone of the copolyester. The 
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comonomer signal is well resolved and this resonance (signal g) was used to 
calculate the final composition of the copolyesters, and those results are presented 
above. 

 
FIGURE 3.1. 1H-NMR spectrum of poly(2,3-butylene-co-pentaerythritol-2,5-
furandicarboxylate) (Entry 5, Table 3.1) recorded in CDCl3.  
 
The presence of unreacted hydroxyl groups of PER could not be proven, as signals 
related to protons i are not observed. It was concluded that most of the hydroxyl 
groups of PER had reacted to form ester-groups. To prove the assignment of the 
resonances as presented in Figure 3.1, a COSY technique was applied (Figure 3.2).  
 

 

FIGURE 3.2. COSY spectrum of poly(2,3-butylene-co-pentaerythritol-2,5-
furandicarboxylate) (Entry 5, Table 3.1) recorded in CDCl3. 
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The COSY spectrum of P23BF, as presented in Chapter 2,1 was used as the basis for 
the assignment of the signals in the COSY spectrum of poly(2,3-butylene-co-
pentaerythritol-2,5-furandicarboxylate) (Entry 5, Table 3.1) which is presented in 
Figure 3.2. Figure 3.1 shows the resonance attributed to PER residues (signal g) 
within the copolyester backbone in the vicinity of 4.5 ppm. If this assignment is 
correct, this signal would not show any coupling with the other resonances when 
studied with COSY. It is clear from the results presented in Figure 3.2, that the 
signal originating from the incorporated pentaerythritol residues does not show 
coupling with the other protons from the polymer backbone. Hence, it can be 
concluded that this assignment was correct. 
 

 

FIGURE 3.3. The a) 13C-NMR and b) gHSQC spectrum of poly(2,3-butylene-co-
pentaerythritol-2,5-furandicarboxylate) (Entry 5, Table 3.1) recorded in CDCl3. The 
inset is the zoomed-in region of 65-80 ppm. 
 
The carbon nuclear magnetic resonance (13C-NMR) spectrum of entry 5 is 
presented in Figure 3.3a, with an inset of the region between 65 and 80 ppm. No 
significant differences are observed between the spectra of 5 and P23BF (Figure 
2.6). At first glance, no signals originating from the PER units could be found. 
However, the inset in Figure 3.3a shows a small resonance, overlapping with the 
residual solvent peak of the deuterated chloroform (CDCl3). To study if this 
resonance can be attributed to the PER residues present in the polymer backbone, 
gradient heteronuclear single quantum coherence (gHSQC) spectroscopy (Figure 

a) b) 



 
62 

3.3b) was applied. It is clear from the data presented in Figure 3.3b that there is an 
overlap between the residual solvent peak of the CDCl3 and the resonance of PER 
(signal g, Figure 3.1). Due to the intense residual solvent peaks of the CDCl3, the 
resonance of the comonomer is very difficult to distinguish.  
To further elucidate the structure of the FDCA-based copolyesters, Fourier 
transform infrared spectroscopy (FTIR) was employed. The FTIR spectra obtained 
for the materials presented in Table 3.1 (Figure 3.4) show close resemblance to each 
other, proving the similar molecular structure of all these DMF-based 
(co)polyesters. All spectra show multiple signals which can be assigned to various 
vibrations along the (co)polyester backbone. The broad resonance at 3408 cm-1 
originates from free as well as hydrogen-bonded hydroxyl groups and together 
with NMR, SEC and end-group titration results prove the relatively low molecular 
weight of these materials. Moreover, the signal at 1713 cm-1 is characteristic for the 
C=O stretching vibration of the ester-groups along the polymer backbone while the 
signals at 1448 cm-1 and 1380 cm-1 can be easily assigned to vibrations of the 2,3-BD 
residues. Signals related to the vibrations of the furan ring are visible at 1579 cm-

1 and 1510-1500 cm-1, whereas the signals observed below 1264 cm-1 are related to 
various other vibrations of the disubstituted furan ring.3–6 Most likely the absence 
of well-resolved signals originating from the comonomers (e.g. glycerol, 
trimethylolpropane or pentaerythritol) is related to the presence of the other 
signals of the copolyester backbone at the same wavelength. Additionally, a close 
analysis of these FTIR spectra do not show the occurrence of significant amounts of 
side-reactions, viz. Diels-Alder reactions. If Diels-Alder reactions would have taken 
place on significant scale, typical bands arising from the furan-ring would decrease 
in intensity. Examples of these bands would be the signals between 1600 cm-1 and 
1500 cm-1, which are related to vibrations of the furan ring. Moreover, vibrations 
characteristic of the vinyl group would be expected to be distinguishable. The C=C 
and =C-H stretching vibrations would be visible between 1640-1680 cm-1 and above 
3000 cm-1, respectively.7  
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FIGURE 3.4. FTIR spectra of the poly(2,3-butylene-2,5-furandicarboxylate)-based 
(co)polyesters presented in Table 1. The spectra were recorded at room 
temperature and show the frequency range between 4000 cm-1 and 700 cm-1. 
 
Matrix-assisted laser desorption/ionization time of flight mass spectrometry 
(MALDI-ToF-MS) was used to study the distributions of cyclic and linear or 
branched polymers after the polymerization process as well as to confirm the 
presence of hydroxyl, carboxylic acid and methyl-ester end-groups. This technique 
is also particularly suitable to analyze the possible presence of Diels-Alder or 
Michael-addition products in the polyesters. Even though MALDI-ToF-MS is not a 
quantitative technique, it has been shown to be a very powerful tool when a 
detailed structure analysis is desired.8,9 In Figure 3.5, the MALDI-ToF-MS spectrum 
of 5 is presented.  
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FIGURE 3.5. MALDI-ToF-MS spectrum of the poly(2,3-butylene-co-
pentaerythritol-2,5-furandicarboxylate)  (Entry 5, Table 3.1). The inset is the 
zoomed in region between m/z values of 1800 and 2050 and it shows the 
representative structures of the distributions. 
  
It is clear from Figure 3.5 that there are two major distributions distinguishable 
and when the inset is studied two additional distributions are observed. The repeat 
unit of 210 g/mol can be easily distinguished in Figure 3.5, which corresponds to 
the calculated value for one 2,3-BD and DMF unit coupled by an ester-group. The 
signals described as 1 and 4 can be attributed to α,ω-hydroxyl-end-capped P23BF 
chains without any incorporated PER and with potassium or sodium as counter 
ion, respectively. Distribution 2 proves the presence of macromolecules containing 
one unit of PER in the backbone. Whether this distribution concerns linear, 
branched or a combination of the two structures could not be determined because 
these different structures would not differ in m/z value. Finally, distribution 3 was 
assigned to cyclic structures where one PER unit has been incorporated into the 
polymer backbone. The formation of cyclic structures during the high temperature 
polycondensation process is undesirable but inevitable. Due to the absence of end-
groups, normally cyclics do not participate in network formation. Cyclic structures 
obtained from entries 4-5 would have functional groups attached to these 
structures, which can participate in a curing reaction. The MALDI-ToF-MS spectra 
obtained for entries 1, 3 and 7 (Figure A2-A4) show various additional signals, 
which correspond to ether-linkages, (Figure A2, distribution 2) being present in the 
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backbone of the (co)polyester, or to methyl-ester end-groups (Figure A2, 
distribution 4) as described previously (Figure 2.2).  
 
3.3.3. Thermal analysis of the linear and branched dimethyl-2,5-
furandicarboxylate-based (co)polyesters 
The thermal properties of the P(23BF)-based (co)polyesters were studied using 
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). 
The obtained Tg values are presented in Table 3.1. DSC analysis clearly shows that 
all prepared materials are fully amorphous with Tg values between 35 °C and 95 
°C. When the thermal properties of the whole series of P23BF-based (co)polyesters 
are studied, a broad range of transition temperatures are observed. This wide 
range of Tg values is caused by the relatively low molecular weight of the 
polyesters and a significant and variable number of end-groups per chain and 
therefore these values cannot be quantitatively compared. Nevertheless, it is clear 
that when more of the multifunctional comonomer is incorporated into the 
backbone of the copolyester, the Tg value decreases. The neat P23BF (Entry 1, Table 
3.1) exhibits a lower Tg compared to copolyesters 2, 4 and 6, even though these 
materials reveal comparable molecular weights. This is easily explained by the 
presence of low molecular weight oligomers due to the low conversion. Low 
molecular weight macromolecules exhibit a strong plasticizing effect, as presented 
for P23BF-based polyesters (Figure 2.11).  
TGA analysis of the polyesters using a temperature profile from 30 °C to 600 °C 
proved that these materials are thermally stable up to temperatures exceeding 200 
°C (Figure 3.6a).  

          

FIGURE 3.6. TGA thermograms obtained for the synthesized (co)polyesters under 
a) non-isothermal conditions and b) isothermally at 180 °C. The assignment of 
TGA curves corresponds with Table 3.1. 

a) b) 
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The (co)polyesters show one major degradation step between 320 °C and 350 °C, 
after which approximately 10 wt% of the polyester remains. Furthermore, TGA 
was also used to evaluate the thermal stability of the linear and branched DMF-
based (co)polyesters under isothermal conditions. The isothermal experiments 
were carried out at 180 °C, being a suitable temperature to perform –OH/-NCO 
cross-linking reactions. This analysis provided valuable knowledge concerning the 
thermal stability of the polyesters while curing with the envisaged polyfunctional 
isocyanate. An overview of the thermograms of the isothermal experiments can be 
found Figure 3.6b. It is clear that all copolyesters show some mass loss after 
prolonged times at 180 °C, which indicates that some degradation of the polyesters 
may occur during the curing reaction. Besides, low molecular weight species 
present in the sample could be evaporating. However, all the materials showed 
less than 5 wt% of mass loss over the expected curing period of 20 minutes. 
Furthermore, it is interesting to note that the thermal stability of the investigated 
polyesters decreases when a higher amount of comonomer is incorporated.  
Based on the presented molecular weight data, end-group contents and thermal 
properties, the materials are found to be suitable for solvent-borne coating 
applications. The evaluation of these DMF-based copolyesters is described in 
paragraph 3.3.5. 
 
3.3.4. Discoloration of the linear and branched dimethyl-2,5-furandicarboxylate-
based (co)polyesters 
2,5-Furandicarboxylic acid (FDCA) and DMF-based polyesters have received 
significant attention due to their wide range of potential applications.5,10–17 
However, only very few papers report the discoloration of the obtained polymers, 
even though this may be a serious issue.3,16 The discoloration of the FDCA/DMF-
based materials can have three origins, viz. sugar-based impurities in the 
monomer, side-reactions (e.g. decarboxylation) taking place during the polymer 
synthesis or the presence of various additives (e.g. TiBO used as the catalyst). In 
order to assess the discoloration of the obtained DMF-based materials these were 
analyzed using UV/VIS spectroscopy (Table 3.2).  
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TABLE 3.2. UV/VIS spectrometry results obtained for 5 mg/mL dichloromethane 
solutions of the dimethyl-2,5-furandicarboxylate-based materials shown in Table 
3.1. Their absorbance of light with a wavelength of 405 nm is reported and used as 
a measure for the discoloration of the materials. 

Entry Absorbance at 
405 nm (a.u.) 

Ref1 0.000 
Ref2 0.125 

1 0.018 
2 < 0.010 
3 0.015 
4 0.013 
5 0.020 
6 < 0.010 
7 0.016 

  
As reference a polyester based on dimethyl terephthalate and 2,3-BD is used (Entry 
Ref1, Table 3.2). Since this material does not show any discoloration, no absorption 
at a wavelength of 405 nm is observed. Moreover, a furan-based polyester which 
shows a significant amount of discoloration (Entry Ref2, Table 3.2) is presented, 
this material has a brown color. This method of studying the discoloration of DMF-
based polyesters was applied before by De Jong et al.16 to evaluate the discoloration 
of poly(ethylene-2,5-furandicarboxylate) (PEF). The results in Table 3.2 indicate 
that the various DMF-based materials show very comparable degrees of 
discoloration. The synthesized (co)polyesters are slightly yellowish. When the 
results are compared with Ref2 it can be seen that the materials only show a low 
degree of discoloration. This proves that it is possible to prepare DMF-based resins 
by melt polymerization which show a very low degree of discoloration. It is worth 
mentioning that during the synthesis of the DMF-based (co)polyesters, a colorless 
melt was obtained until the polycondensation step at elevated temperature and 
reduced pressure. This implies that the observed discoloration was not caused by 
sugar-based impurities in the monomer, but is most probably related to the 
reaction conditions, viz. air leaks during the reaction under reduced pressure. 
However, the origin from the discoloration is difficult to determine in an accurate 
way.  



 
68 

 
3.3.5. Solvent-borne coatings prepared using dimethyl-2,5-furandicarboxylate-
based (co)polyesters 
The molecular structure of the P23BF-based (co)polyesters was fully analyzed and 
confirmed by NMR spectroscopy, FTIR and MALDI-ToF-MS techniques. The 
obtained DMF-based (co)polyesters show a suitable molecular structure and 
appropriate thermal properties to be used in solvent-borne coating experiments. 
Since the DMF-based (co)polyesters are hydroxyl functional polymers the 
polyfunctional isocyanate Desmodur N3600 was selected as the curing agent. 
Desmodur N3600 (Scheme 3.2) is the trimer of hexamethylene diisocyanate.  
 

 

SCHEME 3.2. Chemical structure of Desmodur N3600 which is used as the curing 
agent for the OH-functionalized (co)polyesters. 
 

 

FIGURE 3.7. FTIR spectra recorded during the curing experiment of poly(2,3-
butylene-co-pentaerythritol-2,5-furandicarboxylate) (Entry 5, Table 3.1)  using 
Desmodur N3600 conducted at 180 °C. The spectrum shows the frequency range 
from 2400 cm-1 to 2150 cm-1. 
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Desmodur N3600 has been shown to be very reactive towards hydroxyl 
functionalized materials.18 Using FTIR, it was possible to study the curing reaction 
between Desmodur N3600 and the polyester material, namely by recording the 
decrease in intensity of the stretch vibration of the isocyanate groups of Desmodur 
N3600 as a function of time (Figure 3.7).  
 
TABLE 3.3. Results of curing experiments using various dimethyl-2,5-
furandicarboxylate-based copolyesters and Desmodur N3600. 
Coating Resin av. thickness 

(μm) 
Solvent 

resistancea 

Impact 
testb 

  Pencil 
hardness 

Tg 

(°C) 
C1  1 33 100/2 +/- 4H 55 
C2  2 54 100/1 +/- 4H 50 
C3  3 36 100/1 + 3H 48 
C4  4 50 100/1 - 3H 47 
C5  5 47 100/1 - 4H 41 
C6  6 44 100/1 - 3H 49 
C7  7 52 100/1 + 3H 52 

a 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; b Performed with an impact energy of 60 IP/ 10 IP: + = good, +/- 
= moderate and - = poor. 
The results shown in Figure 3.7 prove that 180 °C is a suitable temperature for the 
curing reaction, resulting in the completion of the curing reaction within 20 min. 
Hence, all the curing experiments with Desmodur N3600 performed in this study 
are conducted at 180 °C for 20 minutes to ensure the complete curing of the 
coating. The wet coatings were applied on aluminum panels which were heated up 
to 80 °C before and after the application. This thermal treatment was necessary to 
ensure a sufficient evaporation of the solvent N-methyl-2-pyrrolidone (NMP).  
From the results shown in Table 3.3 it is clear that the coating formation using the 
above described method was successful. The obtained coatings are transparent and 
have thicknesses between 30 and 55 μm. The obtained coating thicknesses are 
sufficient to analyze the physical properties of the poly(ester urethane)-based 
coatings. 
The solvent resistance was analyzed using the acetone double rub (ADR) test. All 
the prepared coatings show a good solvent resistance, without significant visually 
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observable changes to the coating after 100 ADR. The coatings remained clear and 
did not become soft during this experiment. Clearly, a network was formed 
between the cross-linker and the resin. The presence of some cyclic structures, as 
shown by MALDI-ToF-MS for copolyesters 1 and 3 (Figure A2-A3), does not 
significantly affect the network formation. The cyclic structures present in sample 1 
would act as plasticizers because they cannot participate in the network formation. 
Moreover, the cyclic macromolecules obtained from 2 and 3 would act as dangling 
ends, because they just have one reactive end-group. Nevertheless, a network 
between the cross-linker and the resin was formed. 
The impact resistance of the coatings was studied using a reverse impact test. This 
test yields data on the ability of the coating to cope with fast deformation. It can be 
concluded from the data presented in Table 3.3, that most coatings do not show 
good impact resistance. Coatings C4 - C6 show large cracks after the impact, 
whereas C1 and C2 show a haze, signifying very small cracks. Coatings C3 and C7 
do show good impact resistance, since these do not show any cracking after the 
impact test. Due to the chemical structure and functionality of entries 3, 5 and 7 a 
significant amount of cross-linker needed to be used during the preparation of 
these coatings. Certainly, the presence of the curing agent enhanced the flexibility 
of the cured materials and therefore improved their impact resistance. However, 
C5 did not show good impact resistance, even though a significant amount of 
curing agent was added. No clear trend between the resin composition and impact 
resistance is found.  
The hardness of the coatings was analyzed using a pencil hardness test and the 
results are also presented in Table 3.3. The obtained pencil hardnesses are found to 
be in the order of 3H-4H, which is characteristic for a polyurethane-based 
coatings.19,20 These coatings are hard because of the presence of urethane groups 
and because their Tg values are above room temperature. No significant 
differences in hardness are observed when the coatings (Table 3.3) are compared.  
Finally, the Tg values (Table 3.3.) of the coatings were studied using DSC. The Tg 

values measured for the cured coatings are in the range of 40 – 55 °C, which is 
generally lower than the Tg values obtained for the polyesters resins (see Table 
3.1). This decrease in Tg values can be explained by the flexible structure of the 
curing agent, which creates a relatively flexible network. Desmodur N3600 shows 
a Tg value of – 67 °C and thus lowers the Tg of the coatings significantly.21 In 
addition, the presence of residual traces of NMP used as solvent for the casting, 
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could have a plasticizing effect on the coating, which would lower the Tg value of 
the final product. NMP is a solvent with a high boiling point, and therefore it is 
difficult to remove the last traces of solvent from the coating. A clear relation 
between the performance and the Tg values from the coatings is not observed.  
 
3.4. CONCLUSIONS 
A series of bio-based hydroxyl-end-capped (co)polyesters based on dimethyl-2,5-
furandicarboxylate (DMF), 2,3-butanediol (2,3-BD) and various polyfunctional 
comonomers viz. glycerol, pentaerythritol or trimethylolpropane were prepared. 
The materials were fully characterized and showed suitable properties for the use 
as solvent-borne coating resins. The resins were cured using a trimer of 
hexamethylene diisocyanate (Desmodur N3600). A solvent-borne approach using 
N-methyl-2-pyrrolidone (NMP) as the solvent was used to prepare the wet 
coatings and after curing transparent products with thicknesses between 30 and 55 
μm were obtained. All coatings showed good solvent resistance, proving the 
formation of a network between the resins and the cross-linker. However, the 
impact resistance was only satisfactory for coatings prepared from some resins 
exhibiting relatively high functionalities. The obtained coatings showed pencil 
hardnesses of 3H-4H, with no significant differences between the different 
coatings. The Tg values of the coatings were between 45-60 °C and were lower 
compared to the Tg values of the resins. This was explained by the flexible nature 
of the curing agent and the possible plasticizing effect of residual NMP used as a 
casting solvent. 
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APPENDIX A. 
 

 
FIGURE A1. 1H-NMR spectra of the P23BF-based materials (Table 3.1) covering 
the range from 3.0 to 6.0 ppm. 

 

  

FIGURE A2. MALDI-ToF-MS spectrum of poly(2,3-butylene-2,5-
furandicarboxylate) (Entry 1, Table 3.1). 
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FIGURE A3. MALDI-ToF-MS spectrum of poly(2,3-butylene-co-glycerol-2,5-
furandicarboxylate) (Entry 3, Table 3.1). 

 

 

FIGURE A4. MALDI-ToF-MS spectrum of poly(2,3-butylene-co-trimethylol 
propane-2,5-furandicarboxylate) (Entry 7, Table 3.1). 
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Chapter 4. Powder coating evaluation of dimethyl-2,5-
furandicarboxylate-based copolyesters 

 
Abstract. Linear and branched bio-based semi-aromatic (co)polyesters were 
evaluated as resins for solvent-borne and powder coatings. Initially, dimethyl-2,5-
furandicarboxylate (DMF), 2,3-butanediol and various multifunctional 
comonomers were used to synthesize amorphous hydroxyl-end-capped 
(co)polyesters. The resins were cross-linked using the ε-caprolactam blocked trimer 
of isophorone diisocyanate. Both the solvent-borne and powder coatings proved to 
be hard but brittle, which was a result of the very stiff molecular structure of the 
formed network. This was corroborated by the Tg values obtained for the coatings, 
which exceeded 100 °C in all cases. The poly(ester urethane)s obtained from 
branched copolyesters had reasonable solvent resistance, showing some swelling 
during the solvent treatment. The combination of secondary hydroxyl groups and 
blocked isocyanates appeared not to yield a properly cured network. The solvent-
borne and powder coatings showed similar mechanical and physical performance, 
showing that in this study there was no significant influence of the coating 
preparation method. In order to increase the ductility of the coatings, various 
amounts of fatty acid dimer diol were added to the initial reaction mixture. The 
obtained coatings were more flexible, but the effect was less pronounced than 
expected.  
 
 
 
 
 
 
 
 
 
 
This work has been published as: E. Gubbels, J.P. Drijfhout, C. Posthuma-van Tent, 
L. Jasinska-Walc, B.A.J. Noordover, C.E. Koning, Prog. Org. Coat. 2014, 77, 277-284.  
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4.1. INTRODUCTION  
In Chapter 3, the use of furan-based (co)polyesters as coating resins was 
introduced. In that chapter the coatings were prepared through a solvent-borne 
approach using a trimer of hexamethylene diisocyanate (trade name: Desmodur 
N3600), with free isocyanate groups, as the cross-linking agent for hydroxyl-
functional polyesters. For industrial application and from an environmental point 
of view this is not a desirable approach because of the use of N-methyl-
pyrrolidone (NMP) and because of the difficulties encountered when processing 
free isocyanates and OH-functional resins at elevated temperatures. When 
preparing a formulation for e.g. powder coatings from a resin and free 
polyisocyanates, the risk of premature curing inside the extruder is simply too 
high. Therefore, the aim was to modify the system in such a way that it would be 
possible to use the furan-based resins as powder coatings, which could be suitable 
for industrial implementation. 
 

 
SCHEME 4.1. ε-caprolactam blocked trimer of isophorone diisocyanate (trade 
name: Vestagon B1530). 
 
This chapter describes the larger scale synthesis of dimethyl-2,5-
furandicarboxylate (DMF)-based (co)polyesters and their application as powder 
coatings and as solvent-borne coatings, the latter serving as a reference in order to 
study the effect of the coating preparation method. To be applicable as powder 
coating resins, the polyesters need to have certain properties. In particular, 
moderate molecular weight (2-6 kg/mol), amorphous, thermally stable polyesters 
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with Tg values exceeding 45 °C are targeted. Moreover, five resins were prepared 
to study the possibility of making more ductile DMF-based coatings. To this end a 
fatty acid dimer diol (FADD) was added to the initial reaction mixtures. This bio-
based compound is known to add flexibility to the polymer backbone. All the 
resins were cured with the ε-caprolactam blocked trimer of isophorone 
diisocyanate (trade name: Vestagon B1530, see Scheme 4.1). All the prepared 
coatings were fully characterized using the techniques described earlier in Chapter 
3.  
 
4.2. EXPERIMENTAL SECTION 
4.2.1. Materials 
Dimethyl-2,5-furandicarboxylate (DMF) was a kind gift from Avantium. The fatty 
acid dimer diol (FADD) was a gift from CRODA. 2,3-butanediol (2,3-BD, distilled 
before use), titanium (IV) butoxide (TiBO), glycerol (GLY), trimethylolpropane 
(TMP), pentaerythritol (PER), dibutyltin dilaurate (DBTDL), trans-2-[3-(4-tert-
butylphenyl)-2-methyl-propenylinden]-malononitrile, 4-dimethylaminopyridine 
(DMAP), acetic anhydride, and 0.1 and 0.5 N methanolic KOH solutions were 
purchased from Sigma Aldrich. Irganox 1330 was obtained from Ciba Specialty 
Chemicals. An isophorone diisocyanate-based, ε-caprolactam blocked poly-
isocyanate (trade name: Vestagon B1530) was a kind gift from Evonik Industries. 
Flow agent Resiflow PV5 was purchased from Worlée Chemie and benzoin was 
obtained from DSM Special Products. Deuterated chloroform (CDCl3, 99.8 % atom 
D) was obtained from Cambridge Isotope Laboratories. All chemicals were used as 
received unless stated otherwise. 
 
4.2.2. Preparation of dimethyl-2,5-furandicarboxylate-based (co)polyesters   
A mixture of dimethyl-2,5-furandicarboxylate (30 g, 0.162 mol) and 2,3-butanediol 
(44 g, 0.486 mol) was reacted in a 100 mL three-necked round-bottom flask 
equipped with a Vigreux column, a Dean-Stark condenser and a mechanical 
stirrer. The first step of the polymerization was carried out at 180 °C under an 
argon atmosphere in the presence of irganox 1330 (1 wt% relative to the amount of 
DMF) and titanium (IV) butoxide (0.1 wt% relative to the total amount of the 
monomers). The transesterification process was followed by 1H-NMR spectroscopy 
and when the methyl ester conversion exceeded 95%, a second batch of catalyst 
(0.1 wt% relative to the initial total amount of the monomers) was added. The 
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polycondensation was continued under reduced pressure for 4 h at 220 °C and for 
4 h at 230 °C. The analyses of the obtained polyesters were performed on the crude 
samples. Copolyesters were prepared in a similar way but with the addition of 5 
mol% comonomer (relative to the amount of DMF) in the initial feed. 
Resins containing the fatty acid dimer diol (FADD) were prepared using a similar 
method. A predetermined amount of FADD (relative to the amount of DMF) was 
added to the initial reaction mixture. 
 
4.2.3. Preparation of dimethyl-2,5-furandicarboxylate-based solvent-borne 
coatings 
The hydroxyl end-capped polyesters were cured using an  ε-caprolactam blocked 
trimer of isophorone diisocyanate (trade name: Vestagon B1530). 
A solution of 0.5 g of the polymeric resin, 1.0 eq. (calculated from the hydroxyl 
value titration data of the polyesters) of Vestagon B1530 and 0.5 wt% (relative to 
solid resin) of dibutyltin dilaurate were dissolved in 1 mL of N-methyl-2-
pyrrolidone (NMP). Subsequently, the solution was applied onto an aluminum 
panel heated to 60 °C. A doctor blade with a spacing of 250 μm was used to apply 
the wet coatings. The film was left to dry for 4 hrs at 60 °C and subsequently 
overnight at room temperature. The coatings were cured at 200 °C for 30 minutes 
under a nitrogen atmosphere. 
 
4.2.4. Preparation of dimethyl-2,5-furandicarboxylate-based powder coatings 
Coatings were also prepared using a powder coating process, which typically 
proceeded as follows. A dimethyl-2,5-furandicarboxylate-based, hydroxyl-
functional polyester was coextruded with Vestagon B1530 (1 eq. calculated based 
on the hydroxyl number), 0.66 wt% flow agent (Resiflow PV5), 0.33 wt% degassing 
agent (benzoin) and 30 wt% of pigment (titanium dioxide) at a temperature of 120-
140 °C. The obtained extrudate was ground to a powder using a mill. The resulting 
powder was not sieved. The powders were applied onto an aluminum panel using 
corona spraying. The coatings were cured in an oven at 200 °C for 25-30 minutes 
depending on their respective gel times.  
 
4.2.5. Characterization 
Size exclusion chromatography (SEC), matrix-assisted laser desorption/ionization 
time of flight mass spectrometry (MALDI-ToF-MS), proton nuclear magnetic 
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resonance (1H-NMR) spectroscopy, differential scanning calorimetry (DSC) and 
thermogravimetric analyses (TGA) were carried out as described in Chapter 2. 
Moreover, the acid value (AV) and hydroxyl value (OHV) were determined as 
described in paragraph 2.2.4.  
Melt viscometry analyses of the neat resins were performed using a Rheometric 
Scientific CT 5 from Mettler Toledo. A spindle with a width of 30 mm was used 
and the applied shear rate was 70 s-1.  
Coating performance was analyzed using the techniques described in paragraph 
3.2.4. In addition, the pendulum damping test (ASTM D 4366, to determine the 
König hardness) was performed. The flow of the coating was evaluated using PCl 
powder coating visual smoothness standards. The haze and gloss value at (20° and 
60°) were determined using a BYK-gardner gloss-haze meter. Thicknesses of the 
obtained coatings were measured using a magnetic induction coating thickness 
meter (Twin-check by List-Magnetik GmbH). 
 
4.3. RESULTS AND DISCUSSION 
4.3.1. Synthesis and characterization of the dimethyl-2,5-furandicarboxylate-
based resins  
Dimethyl-2,5-furandicarboxylate (DMF)-based (co)polyesters were successfully 
prepared using a method already described in Chapters 2 and 3. An example of 
such a polymerization reaction is depicted in Scheme 4.2. 
 

 
SCHEME 4.2. Synthesis of a bio-based (co)polyester (Entry 2, Table 4.1) prepared 
from dimethyl-2,5-furandicarboxylate, 2,3-butanediol and glycerol. 
 
From the used multifunctional comonomers glycerol (GLY) and pentaerythritol 
(PER) are considered as bio-based compounds.1 Since these (co)polyesters will be 
used for powder coating applications, these materials need to exhibit certain 



 
80 

molecular and thermal properties, which were described in the introduction of this 
chapter. The results of the coating resins synthesis can be found in Table 4.1. 
 
TABLE 4.1. Linear and branched (co)polyesters based on dimethyl-2,5-
furandicarboxylate (DMF), 2,3-butanediol (2,3-BD), glycerol (GLY), 
trimethylolpropane (TMP) and pentaerythritol (PER) prepared by bulk 
polycondensation. 
Resin Final 

copolyester 
compositiona 

Mn 
(kg/mol)b 

PDIb 

 
OHV 

(mg KOH/g) 
AV 

(mg KOH/g) 
Tg 

(°C) 

1 2,3-BD 
 

3.1 2.1 36.6 6.9 92 

2 2,3-BD:GLY 
[0.97:0.03] 

2.7 1.9 70.8 7.1 83 

3 2,3-BD:TMP 
[0.96:0.04] 

2.3 2.1 82.8 3.2 
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4 2,3-BD:PER 
[0.95:0.05] 

2.3 2.9 79.9 7.1 70 

a The final composition was determined using 1H-NMR spectroscopy; b determined 
using size exclusion chromatography. 

Initially, the reaction mixture contained 5 mol% of comonomer (GLY, TMP or 
PER), but it is clear that in case of resins 2 and 3 the final composition deviated 
from the initial feed composition. Apparently, some comonomer was removed 
from the reaction vessel during the bulk polycondensation. However, the 
difficulties (Chapter 3) concerning the composition determination using proton 
nuclear magnetic resonance (1H-NMR) spectroscopy cannot be excluded. The 
obtained molecular weights are in the range of 2.0 and 4.0 kg/mol, and the 
materials are predominantly hydroxyl end-capped. The acid values (AVs) 
determined for these materials are significantly higher compared to similar DMF-
based (co)polyesters presented in Table 3.1. This increase of the AVs can be 
attributed to the use of a higher reaction temperature (230 °C) during the larger 
scale reactions. This increase in temperature led to an increase of the amount of 
side-reactions which took place during the reaction. The thermal decomposition of 
the ester groups, which make up the backbone of the copolyesters, yields 
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carboxylic acid end-groups, thus leading to an increase of the AV. However, the 
possibility of the hydrolysis of the ester bonds by traces of water cannot be 
excluded. Carboxylic acid end-groups show a low reactivity towards blocked 
isocyanate groups, leading to dangling ends after the curing reaction. Since the 
OHVs are much higher than the AVs, a proper network formation is still expected. 
Besides the end-group analysis, the expected molecular structure of the DMF-
based copolyesters was confirmed using nuclear magnetic resonance (NMR) 
spectroscopic techniques and matrix-assisted laser desorption/ionization time of 
flight mass spectrometry (MALDI-ToF-MS). An example of a representative 
MALDI-ToF-MS spectrum is shown in Figure 4.1. The obtained NMR spectra were 
similar to the spectra presented in Chapter 3 (Figure 3.1 and A1). 
 

 
FIGURE 4.1. Section of the MALDI-ToF-MS spectrum of poly(2,3-butylene-co-
pentaerythritol-2,5-furandicarboxylate) (Entry 4, Table 4.1). 
 
From the presented MALDI-ToF-MS spectrum it is clear that various distributions 
are present in the sample of poly(2,3-butylene-co-pentaerythritol-2,5-
furandicarboxylate) (Entry 4, Table 4.1). Distributions 1 and 6 correspond to 
macromolecules which do not contain any PER units. Since only 5 mol% PER was 
used in the reactions and because the molecular weight is relatively low, it is very 
well possible that chains of neat poly(2,3-butylene-2,5-furandicarboxylate) are 
formed during the synthesis. Moreover, in distributions 3 and 4 also no PER 
residues are included in the copolyester backbone and these distributions 
correspond to chains with an ether-bond or acid end-group, respectively.  
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The formation of ether bonds can easily occur through a dehydration reaction 
between two secondary hydroxyl groups at high temperature (Figure 2.10). As 
mentioned above, acid end-groups (distribution 4, Figure 4.1) can only be formed 
by some form of degradation or side reaction (hydrolysis or thermal degradation) 
of the copolyester backbone. High purity DMF was used as starting material and 
the absence of acid groups in the DMF was proven by titration. Distribution 2 is 
attributed to polymeric molecules where one unit of PER is incorporated, proving 
the successful incorporation of the comonomer. The spectrum of the DMF-based 
copolyester shows one additional distribution (5), which could not be assigned to 
any of the expected structures. The MALDI-ToF-MS spectra obtained for the other 
copolyesters (Entries 2 and 3, Table 4.1) also show the incorporation of the 
respective multifunctional comonomers in the backbone of the copolyesters.  
The polyester materials have Tg values in the range of 68 – 92 °C, exceeding the 
required minimum of 45 °C, most probably providing sufficient storage stability of 
the final powder paints, even after compounding of the resin with the curing agent 
and other additives. These Tg values are relatively high compared to those of other 
bio-based resins,2 which is an indication of the rigid backbone of these resins. 
Elevated Tg values cause the need for higher processing temperatures during the 
preparation of the powder coating formulations. However, the Tg values of the 
final powder formulations will be lowered because of the plasticizing effect of the 
various additives, viz. flowing agent, degassing agent and curing agents. Finally,  
the four resins show a wide range of melt viscosities (40 – 600 Pa.s), indicating the 
effect of the molecular weight and structure (viz. linear or branched) of the resin. 
All the DMF-based (co)polyesters are obtained as yellowish materials. Furan-based 
polycondensates are prone to some discoloration at elevated reaction 
temperatures, which was shown before (Chapter 3).3,4 Based on the data presented 
above the DMF-based (co)polyesters, although slightly yellowish, are found to be 
suitable for solvent-borne and powder coating evaluation.  
 
4.3.2. Solvent-borne dimethyl-2,5-furandicarboxylate-based coatings 
Solvent-borne coatings were prepared from the resins described in paragraph 
4.3.1. In order to be able to compare the results of the solvent-borne and powder 
coating experiments, one equivalent of curing agent (based on the OHV) Vestagon 
B1530 (Scheme 4.1), an ε-caprolactam blocked trimer (isocyanurate) of isophorone 
diisocyanate, was used for both series. The performance of the solvent-borne 
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coatings was studied using various techniques and the results are reported in 
Table 4.2.  
 
TABLE 4.2. Performance of the DMF-based, solvent-borne poly(ester urethane) 
coatings. Compositions of the resins are given in Table 4.1. 

Coating Resin Thickness 
(μm) 

Tg, coating 
(°C) 

ADRa Impact 
resistanceb 

Pencil 
Hardness 

C1 1 97.0 96 60 -/- 3H 
C2 2 117 100 100/5 -/- 4H 
C3 3 72.5 100 100/4 -/- 4H 
C4 4 54.8 108 100/4 -/- 4H 

a 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; b Performed with an impact energy of 60 IP/ 10 IP: + = good, +/- 
= moderate and - = poor. 
 
The resins were cured for 30 minutes at 200 °C under a N2 atmosphere. These 
relatively long curing times were necessary because of the rather low reactivity of 
secondary hydroxyl groups towards blocked isocyanates. It is expected that the 
branched copolyesters (Entries 2-4, Table 4.1) will yield a network in a shorter time 
due to their higher average functionality per chain. Moreover, the higher end-
group content of the branched copolyesters should ultimately lead to a more 
densely cured network. 
The transparent coatings described in Table 4.2 have thicknesses between 55 μm 
and 117 μm, hence, all coatings are of sufficient thickness to enable a qualitative 
evaluation of their physical performance. The cured coatings presented in Table 4.2 
(Entries C1-C4) have Tg values in the order of 100-110 °C (i.e. approx. 20-30 °C 
higher than for the corresponding uncured resins), which clearly proves the 
formation of a rigid network. When the Tg values (Table 4.2) of the coatings are 
compared to the Tg values presented in Chapter 3, the values obtained with this 
system are 50-60 °C higher. This difference can be explained by the much more 
rigid molecular structure of the cross-linker Vestagon B1530. 
The solvent resistance exhibited by coatings C2-C4 is reasonable, but these 
coatings became soft during the acetone treatment. This indicates that swelling of 
the coating took place, probably showing an incomplete cross-linking. The 
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reactivity of the secondary hydroxyl groups towards blocked isocyanates is 
relatively low and thus the cross-linking density is not optimal. Moreover, C1 was 
removed from the surface of the aluminum panel before 100 ADR (Acetone Double 
Rubs) was reached. This poor solvent resistance is caused by an insufficient 
network formation. In addition to the low reactivity of the end-groups, these are 
linear chains which leads to an even less densely cross-linked network. When 
Desmodur N3600 was used as cross-linker (Chapter 3), the coatings showed a 
much better solvent resistance. Apparently, the secondary hydroxyl end-groups 
react much more efficiently with the free isocyanate-groups of Desmodur N3600, 
leading to a more densely cross-linked network.  
All the DMF-based coatings are brittle materials, which is clear from the results of 
the rapid reverse impact resistance tests at 10 and 60 inch.pound (IP) (Table 4.2). 
The damage to all DMF-based poly(ester urethane) coatings is significant and the 
coating was partially removed from the surface of the aluminum panel during the 
impact test. The relatively poor impact resistance is most likely caused by the stiff 
molecular structure of both the resin and curing agent. The network is not able to 
dissipate the energy of the rapid deformation, not even at 10 IP. However, other 
factors such as cross-link density and yield stress of the network also influence the 
mechanical properties of the coatings. Inadequate mechanical properties were 
reported in the past for coatings based on Vestagon B1530.5 Coatings prepared 
using Desmodur N3600 showed better impact resistance. The positive influence of 
the more flexible curing agent Desmodur N3600 on the impact properties almost 
certainly played a significant role in this case. 
The pencil hardnesses exhibited by the DMF-based coatings are in the order of 3H 
to 4H, which is characteristic for poly(ester urethane) coatings.6,7 The coatings 
obtained from branched DMF-based copolyesters are a bit harder, possibly due to 
the higher urethane-group content within these coatings. These results are 
comparable with results obtained for the coatings presented in Chapter 3. In 
general, the branched resins outperformed the linear polyesters, something which 
has been observed in the past.2 

 
4.3.3. Powder coatings from dimethyl-2,5-furandicarboxylate-based resins 
The materials which are presented in Table 4.1 are also evaluated as powder 
coatings using Vestagon B1530 as the cross-linker.  



 

 
 
 
 
 

TABLE 4.3. Results obtained for the analysis of the DMF-based poly(ester urethane) coatings prepared by a powder coating 
technique. 

Coating Resin tcure 

(min) 
Levelinga ADRb Tg , coating 

(°C) 
Impact  

resistancec 

Pencil 
hardness 

Kӧnig  
hardness (s) 

C5 1 30 6.5 47 114 -/- 2H 218 
C6 2 25 5 100/4 118 -/- H 223 
C7 3 25 8 100/3 116 -/- H 218 
C8 4 25 3 100/3 118 -/- F 224 

a 10 = smooth coating and 1 = severe orange peel texture, b Acetone double rub test: the performance of the coating after the 
acetone treatment was evaluated using number 1-5 where 1 = no damage and 5 = significant damage, c 60 IP/ 10 IP, + = good, 
+/- moderate and - = poor. 



 

Besides the curing agent, various other additives such as benzoin (0.33 wt%, 
degassing agent), Resiflow PV5 (0.66 wt%, acrylic resin, flowing agent), and TiO2 
(30 wt%, pigment) were added to complete the formulations. The formulations 
were compounded at 120-140 °C using a mini-extruder after which the 
formulations were ground to form the powder paint, which was used for the 
powder coating experiments without prior sieving. Because of the relatively small 
batches of (co)polyester (approx. 50 g), only pigmented coatings were prepared. 
The DMF-based formulations were applied on an aluminum panel using a corona 
charged gun and subsequently cured at 200 °C for 25-30 min, depending on their 
gel time. As stated above, relatively long curing times were necessary because of 
the low reactivity of secondary hydroxyl groups towards blocked isocyanate-
groups. Moreover, no toxic tin-based catalyst was added to these formulations, 
which made long curing times (tcure) necessary. The performance of the resulting 
coatings was analyzed and the results are shown in Table 4.3. 
The leveling of the coating (Table 4.3) was studied by comparing the obtained 
coatings with various smoothness standards. The amount of orange peel exhibited 
by the coating is a measure for the leveling of the material. The leveling of a 
coating is determined by the competition between the flow and the network 
formation of a formulation, which take place simultaneously during the curing 
process. Interestingly, coating C8 shows significant orange peel even though the 
resin has a relatively low melt viscosity (84 Pa.s) and thus should flow relatively 
easily. Clearly the curing rate of this resin is relatively high, which precluded the 
proper leveling of the formulation. Resin 1 shows a high melt viscosity (600 Pa.s), 
but C5 does not show a significant orange peel texture. Evidently, the curing rate 
of this formulation is low, which is already indicated by the longer curing time 
which is necessary for this formulation. Since this linear polyester only has two 
end-groups, the formation of a network takes significantly longer.  
The network formation and solvent resistance of these powder coatings were 
studied using the ADR test. The coatings prepared from the branched copolyester 
resins (entry C6-C8) show reasonable solvent resistance, but became softer during 
the acetone treatment due to swelling. Only C5 was removed from the aluminum 
surface before 100 ADR was reached. These results indicate that the network 
formed during the curing reaction is not very dense. These results are similar to 
the results obtained for the solvent-borne coatings (Table 4.2). 
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The thermal properties of the coatings were evaluated using DSC and the results 
are presented in Table 4.3. All cured poly(ester urethane) coatings show Tg values 
in the order of 110-120 °C, which is a direct result of the rigid molecular structure 
of the resin and curing agent, as discussed above. Noordover et al. have studied 
succinic acid/isosorbide-based powder coatings and found Tg values in the range 
of 50-70 °C.5 Evidently, the DMF/2,3-BD-based resins show a much more rigid 
molecular structure, which was expected because of the semi-aromatic nature of 
these polyesters. Interestingly, the Tg values obtained for the solvent-borne 
coatings (Table 4.2) are 10-20 °C lower compared to the results displayed in Table 
4.3, even though these coatings are prepared from the same resins and curing 
agent. The presence of residual solvent or higher levels of trapped ε-caprolactam 
in the solvent-borne coatings could have caused this discrepancy. Moreover, the 
additives present in the powder coating formulations could also play a significant 
role. Although the flow-enhancing agent and leveling agent may lower the Tg 
values by plastization, the pigment can have the opposite effect. It has been 
reported in literature that TiO2 can lead to an increase of the Tg values of the 
obtained coatings by restricting the mobility of the polymeric chains.5,8 Most 
probably, a combination of the above mentioned factors have caused the increase 
of the Tg values of the coatings prepared by the powder coating approach. 
Nevertheless, it is clear that the network obtained in this study is rigid, irrespective 
of the preparation method.  
This rigidity was already mentioned as the reason for the poor impact resistance of 
the solvent-borne coatings (Table 4.2). This poor mechanical performance is also 
observed for the powder coatings (Table 4.3 and Figure 4.2), which all show 
insufficient impact resistance. As explained above, the rigid network obtained after 
the curing reaction apparently cannot dissipate the energy of the rapid 
deformation.  
 



 
88 

 

FIGURE 4.2. DMF-based coating (Entry C7, Table 4.3) after the reverse impact test 
at 10 and 60 IP. 

 
The obtained powder coatings show pencil hardnesses ranging from F to 2H, 
which is relatively low compared to the results shown in Table 4.2 for the solvent-
borne coatings. It is interesting to note that the coating based on the linear DMF-
based resin shows the highest hardness. It was expected that this coating would 
show a lower hardness compared to the branched structures because of a lower 
number of urethane-bonds present in this coating. All the coatings show similar 
Kӧnig hardnesses and these values are comparable with values obtained for other 
bio-based polyurethane coatings.5  
Besides the mechanical performance of the coatings, the optical properties of the 
cured powder coatings were analyzed and the results are shown in Table 4.4. 
 
TABLE 4.4. Color and gloss data obtained for the various DMF-based poly(ester 
urethane) powder coatings. 

Coating Color analysis Gloss Haze 
L* a* b* 20° 60° 

C5 95.5 -0.9 3.4 80 90 64 
C6 93.5 -0.5 5.2 76 91 72 
C7 93.6 -0.6 4.6 80 90 52 
C8 93.4 -0.9 3.9 75 90 116 

 
From the color analysis it can be concluded that all coatings show some degree of 
discoloration. The coatings are obtained as yellowish materials and this is reflected 
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by the L*, a* and b* values. Significant differences in the discoloration of the 
coatings are not observed. It was expected that the materials would show a 
stronger discoloration after prolonged times at 200 °C. However, the presence of 
the pigment (30 wt% of titanium dioxide) masks the true discoloration. Hence, it is 
difficult to assess the actual discoloration exhibited by the resins themselves. All 
the coatings show high gloss, which can be clearly seen from the gloss data at 20° 
and 60°. Moreover, the haze values of these coatings (C5-C7) are similar. Only C8 
shows a deviating value, which means that this coating scatters more light.  This 
could be related to the more extensive orange peel exhibited by this coating. 
 
4.3.4. Fatty acid dimer diol-based copolyesters resins and solvent-borne coatings 
Prompted by the results presented in the previous paragraphs, an attempt was 
made to increase the ductility of the DMF-based poly(ester urethane) coatings. To 
this end, a series of copolyesters was prepared using DMF, 2,3-BD and a fatty acid 
dimer diol (FADD) (Table 4.5). Because of the molecular structure of the fatty acid 
dimer diol, it is able to add flexibility to the backbone of polymeric materials. 
Using a more flexible resin may result in more flexible and tougher coatings after 
the cross-linking with Vestagon B1530 (Scheme 4.1). Moreover, the primary 
hydroxyl groups of the FADD could facilitate a more efficient network formation.  
 
TABLE 4.5. Results from the melt copolymerization of dimethyl-2,5-
furandicarboxylate (DMF), 2,3-butanediol (2,3-BD) and a fatty acid dimer diol 
(FADD). 

Entry Final composition 
(wt%) 

Mn 
(kg/mol) 

PDI OHV 
(mg KOH/gr) 

AV 
(mg KOH/gr) 

Tg 
(°C) 

5 FADD:2,3-BD 
[12:88] 

3.5 2.6 25 10 92 

6 FADD:2,3-BD 
[24:76] 

1.8 1.8 84 2.9 56 

7 FADD:2,3-BD 
[32:68] 

3.0 3.2 21 8.9 65 

8 FADD:2,3-BD 
[45:55] 

1.9 2.0 92 2.2 34 

9 FADD:2,3-BD 
[57:43] 

1.7 1.8 112 2.2 14 
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It is clear from the data presented in Table 4.5 that the melt copolymerization was 
successful. However, the molecular weights are relatively low compared to the 
values presented in Table 4.1. Because these materials are linear copolyesters, 
relatively low molecular weights were aimed for in order to ensure sufficient end-
groups content required for the curing process. Since these copolyesters will only 
be evaluated as solvent-borne coatings, the requirements which were mentioned in 
the introduction are of less importance. The final compositions of the FADD-
containing copolyesters generally show a higher FADD content than the FADD 
content present in the initial feed. This deviation is caused by the partial removal 
of DMF and 2,3-BD from the reactor during the reaction. At the applied reaction 
temperatures a part of the 2,3-BD evaporates and the DMF partially sublimes, 
causing the observed deviation of the composition. The molecular weights of the 
linear copolyesters (Entries 5-9, Table 4.5) are in the order of 1.7 to 3.5 kg/mol. 
Their PDI values range from 1.8 to 3.2, where values in the order of 2 were 
expected. It is possible that, due to issues related to the reaction condition control, 
side-reactions took place to a larger extent in materials 5 and 7 causing the increase 
of the PDI. This is corroborated by the relatively high AVs of these two 
copolyesters, indicating that a relatively high amount of side-reactions have taken 
place during these reactions. The other materials are mostly hydroxyl end-capped, 
which was aimed for. When the thermal properties of the resins are studied, the 
effect of the FADD is clear. There is a continuous decrease of the Tg value when the 
amount of FADD in the backbone is increased. Only material 7 deviates from this 
behavior, which is most probably due to the higher molecular weight of this 
sample. The molecular structure was studied using NMR spectroscopic techniques 
and MALDI-ToF-MS and these techniques proved the expected molecular 
structure. The copolyesters were used as solvent-borne coatings, which were 
applied using the method also used in paragraph 4.3.2. The inclusion of the flexible 
FADD was expected to yield coatings which would be more ductile compared to 
the coatings presented in Table 4.2. The obtained coatings have thicknesses 
between the 35 and 50 μm, which is sufficient for their evaluation. The results of 
the performance analysis of these coatings are presented in Table 4.6. 
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TABLE 4.6. Results obtained by the analysis of the poly(ester urethane) coatings 
prepared by a solvent-borne approach. 

Coating Resin ADRa Impact  
resistanceb 

Pencil  
hardness 

Tg (°C) 

C9 5 70 -  | +/- 3H 106 

C10 6 70 +/-  | +/- 3H 108 

C11 7 70 +/-  | +/- 3H 80 

C12 8 100/5 +/-  | +/- 3H 92 

C13 9 100/4 +/-  | +/- 2H 68 

a Acetone double rub test: the performance of the coating after the acetone 
treatment was evaluated using number 1-5 where 1 = no damage and 5 = 
significant damage, b 60 IP| 10 IP, + = good, +/- = moderate and - = poor. 
 
When the results presented in Table 4.6 are studied it is clear that not all coatings 
show a satisfactory performance. The coatings prepared based on the linear 
copolyesters 5-7 do not show good solvent resistance, which is indicative of 
insufficient network formation. These results are in line with the solvent resistance 
data obtained for the poly(ester urethane) coatings (Table 4.2) prepared from 1 
(Table 4.1). However, coatings prepared from the other resins (Entries 8-9, Table 
4.5) show better solvent resistance. These coatings became soft during the ADR 
experiments, showing some swelling, hence the solvent resistance could be 
improved. This reasonable solvent resistance is remarkable for C12 and C13 
because these coatings are prepared from a linear polyester. Apparently, these 
materials have a sufficient amount of end-groups (Table 4.5) to form a cross-linked 
network (Table 4.5). Moreover, at higher FADD contents there will be more 
primary hydroxyl end-groups, which react more efficiently with the cross-linker, 
leading to a more densely cross-linked network.  
The mechanical performance of these coatings differs from the results presented in 
Table 4.2. Even though the prepared coatings still only show moderate impact 
resistance, this is considered to be an improvement. The coatings described in 
paragraph 4.3.2 or 4.3.3 are all very brittle and were removed from the surface 
during the reverse impact test at both 60 and 10 IP. The FADD-containing coatings 
show more ductile behavior, proving the ability of the FADD to yield more impact-
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resistant coatings. The obtained hardnesses are common for poly(ester urethane) 
coatings and do not differ significantly from results which were presented earlier 
in paragraph 4.3.2. or in Chapter 3. 
The Tg values obtained for the series of coatings prepared from the linear 
copolyesters show a clear decrease when the amount of FADD is increased in the 
copolyester backbone. When less than 30 wt% FADD is incorporated, the glass 
transition values are in the order of the ones which are presented in Table 4.2. 
However, when more FADD is incorporated the Tg values decrease to 60 °C, which 
is almost a decrease of 60 °C compared to the neat P23BF. Clearly, the incorporated 
FADD yields a more flexible network after the cross-linking reaction. The 
important conclusion which should be drawn at this point is that preparing more 
ductile DMF-based coatings is possible by the addition of FADD. However, the 
influence of the FADD is not as significant as was initially expected.  
 
4.4. CONCLUSIONS 
Various dimethyl-2,5-furandicarboxylate (DMF)-based linear and branched 
(co)polyester resins were prepared on a larger scale, but also for coating 
applications. The resins were found to be suitable for solvent-borne and powder 
coating application in terms of their molecular weights, end-group structures and 
thermal characteristics. 
Solvent-borne and powder coatings were prepared using the aforementioned 
resins as binders, applying the ε-caprolactam blocked isocyanurate of isophorone 
diisocyanate as curing agent. The coatings prepared from the branched 
copolyesters showed swelling after the acetone treatment, whereas the coating 
from the linear resin was completely removed during the solvent treatment. The 
low reactivity between the secondary hydroxyl groups from the resins and the 
blocked isocyanate-groups have apparently led to the insufficient cross-linking of 
the polyester materials. All the obtained coatings were hard materials, which is 
most probably due to the presence of the urethane bonds. However, the coatings 
were rather brittle materials which was caused by the stiff network which was 
obtained through cross-linking of the rigid renewable polyesters with the stiff 
isophorone isocyanate-based trimer. The formation of these rigid networks was 
corroborated by their high Tg values (100-120 °C), as determined by DSC. It was 
shown that the preparation method of the coatings did not significantly influence 
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the final performance of the coatings. Moreover, it was demonstrated that coatings 
prepared with a more flexible cross-linker (Chapter 3) had improved performance. 
The incorporation of a dimer fatty acid diol (FADD) into the copolyesters was 
proven to be a successful approach to obtain more flexible resins, which 
consequently led to more flexible coatings. However, even at 50 wt% of 
comonomer the coatings only showed moderate impact resistance.  
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Chapter 5. Solid-state modification of poly(butylene 
terephthalate) with a bio-based fatty acid dimer diol 

 
Abstract. Copolyesters based on poly(butylene terephthalate) (PBT) and a bio-based 
fatty acid dimer diol (FADD) were prepared by solid-state modification (SSM). 
The chemical incorporation of the FADD into the backbone of the PBT was proven 
using various techniques. It was clear that the incorporation rate was diffusion-
limited rather than reaction rate-limited. From quantitative 13C-NMR, a non-
random chemical microstructure was obtained for all chemical compositions. 
Moreover, differential scanning calorimetry (DSC) and small-angle X-ray 
scattering (SAXS) revealed a morphology of stacks of lamellar PBT-crystals with 
amorphous regions that display microphase separation between the PBT-rich and 
the FADD-rich chain segments. This microphase separation is strongly dependent 
on the chemical composition of the copolyester and was clearly demonstrated by the 
presence of two glass transitions in copolyesters with FADD contents ≥ 10 wt%. 
SAXS revealed that especially at a FADD content of 41 wt% a strongly 
microphase-separated morphology was obtained.  

 
 
 
 
 

 
 
 
 

 
 
This work has been published as: E. Gubbels, L. Jasinska-Walc, D. Hermida 
Merino, J.G.P. Goossens, C.E. Koning, Macromolecules 2013, 46, 3975-3984.  
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5.1. INTRODUCTION  
Poly(butylene terephthalate) (PBT) is a semi-crystalline polyester exhibiting 
interesting properties (e.g. high crystallization rate and good solvent resistance). 
These properties originate from the composition of the PBT backbone, consisting of 
a rigid terephthalic acid residue and a flexible aliphatic spacer moiety. When the 
properties of PBT are compared with other terephthalate-based polyesters, viz. 
poly(ethylene terephthalate) (PET) or poly(propylene terephthalate) (PPT), the 
influence of the flexible aliphatic spacer on the properties of the polyesters is 
evident. The Tg decreases from 80 °C to approximately 50 °C and 40-45 °C for PET, 
PPT and PBT, respectively.1 Concomitantly, the more flexible aliphatic spacer in 
PBT yields a significantly higher crystallization rate compared to PET or PPT. This 
high crystallization rate makes PBT a very interesting polyester for e.g. injection-
molding applications with short cycle times. Moreover, the crystallinity gives the 
material an excellent solvent resistance.1 Nevertheless, PBT is often copolymerized 
to make this polymer more suitable for more demanding applications. Commonly, 
melt copolymerization (M-PC) or reactive blending are used to prepare PBT-based 
copolymers. For example, the copolymerization with polycarbonates or 
poly(tetramethylene oxide) yields more ductile PBT-based copolymers. These 
approaches yield random copolyesters, which can show considerable changes in 
the melting and recrystallization behavior compared to neat PBT.  
In order to prepare PBT-based copolyesters with PBT-like crystallinity and 
crystalline features, solid-state modification (SSM) can be used. This 
copolymerization method was studied extensively by Jansen et al. who prepared 
various PBT-based copolyesters.2–4 These studies proved the versatility of SSM as a 
novel copolymerization concept. Moreover, work towards partially bio-based, 
PBT-based copolyesters was initiated by Sablong et al.5 and this study yielded 
interesting materials. In this chapter we explore this concept further by using SSM 
to modify PBT with a bio-based fatty acid dimer diol (FADD). This bio-based 
compound can add a significant amount of flexibility to the polymer backbone and 
therefore yield more ductile PBT-based copolyesters. The incorporation of the 
FADD residues takes place by two consecutive alcoholysis steps by which a 
molecule of 1,4-butanediol is formed as condensate. To our knowledge, 
copolyesters based on PBT and fatty acid derivatives have only been prepared by 
M-PC.6,7 As mentioned above, the SSM method provides the ability to obtain 
copolyesters with retained crystallinity, which is impossible by the conventional 
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M-PC process. Therefore, it would be possible to prepare copolyesters from the 
aforementioned compounds, with PBT-like crystalline features but with enhanced 
ductility. This chapter describes the incorporation of a fatty acid dimer diol into the 
backbone of PBT. Using nuclear magnetic resonance (NMR) spectroscopy, size 
exclusion chromatography (SEC) and variable-temperature Fourier transform 
infrared spectroscopy (FTIR) the incorporation of the FADD into the main chain of 
PBT will be proven. Moreover, various other analytical techniques will show the 
effect of the FADD content on the chemical microstructure and the morphology of 
the copolyesters is studied. 
 
5.2. EXPERIMENTAL SECTION 
5.2.1. Materials 
Poly(butylene terephthalate) (PBT) granulate (Mn = 18 kg/mol, Mw = 47 kg/mol)  
was provided by DSM and the fatty acid dimer diol (FADD) was a gift from 
CRODA. Potassium nitrate (KNO3), sodium nitrate (NaNO3) and sodium nitrite 
(NaNO2) were all obtained from Sigma-Aldrich. 1,1,1,3,3,3-hexafluoroisopropanol 
(HFIP, 99%) and MilliQ water (LC-MS grade) were obtained from Biosolve. 
Tetrahydrofuran (THF, HPLC grade) was obtained from Rathburn. Deuterated 
chloroform (CDCl3, 99.8 atom% D) and deuterated trifluoroacetic acid (TFA-d, 99 
atom% D) were obtained from Cambridge Isotope Laboratories. All chemicals 
were used as received, unless denoted otherwise.  
 
5.2.2. The solution preparation of a physical PBT/FADD mixture  
Poly(butylene terephthalate) (PBT) granules were cooled using liquid N2 and 
subsequently grounded into a powder using a mill (IKA type A10). Subsequently, 
the powder was dried thoroughly at 70 °C under reduced pressure. For preparing 
the physical mixture containing 37.5 wt% fatty acid dimer diol (FADD), the dried 
PBT powder (35 g) and fatty acid dimer diol (FADD) (25 g, 0.046 mol) were 
dissolved in 200 mL of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). The mixture was 
refluxed until a clear solution was obtained and subsequently the solvent was 
removed by distillation under atmospheric and reduced pressure (300-20 mBar). 
The PBT/FADD mixture was dried at 70 °C under reduced pressure for 24 h, 
cooled using liquid N2 and subsequently grounded using a mill (IKA type 10A). 
Finally, this mixture was dried for an additional 2 days at 70 °C under reduced 
pressure before being used in SSM.  
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5.2.3. Solid-state modification  
The experimental set up consisted of a stainless steel bath and an IKA heating plate 
fitted with an external temperature sensor. A molten salt mixture of KNO3 (53 
wt%), NaNO2 (40 wt%) and NaNO3 (7 wt%) was used as heating medium.8,9 The 
reactor consisted of a glass tube (inner diameter 2.4 cm) with a sintered glass frit at 
the bottom (Scheme 5.1). A heat exchange glass coil surrounded the reactor and 
entered the inner glass tube just below the sintered glass frit. The N2 flow during 
the SSM was controlled using a flow controller. The temperature inside the reactor 
was monitored using a thermocouple, connected to an external device and placed 
inside the powder present in the reactor. 
 

 
SCHEME 5.1. Graphical representation of the used solid-state modification 
reactor.9 
                                  
For a typical solid-state modification (SSM) reaction, 4 g of the PBT-FADD mixture 
was placed on the sintered glass frit at the bottom of the SSM reactor. The mixture 
was fixed by placing 18 g of glass beads (d = 2 mm) on top of the powder. The 
reactor was flushed for 30 min with nitrogen (flow rate = 2 L/min) prior to the SSM 
reaction. After flushing, the reactor was placed in the salt bath (T = 180 °C). When 
the temperature inside the reactor reached the desired temperature (180 °C), the 
measurement of the reaction time (tssm) was initiated. After the reaction, the 
product was quenched by placing the reactor in water at 80 °C. The reaction 
product was further cooled down to room temperature, discharged from the 
reactor and analyzed. 
The prepared PBT/FADD copolyesters will be abbreviated in this chapter as e.g. 
PB76F24T, where B76 and FA24 indicate the wt% of 1,4-butanediol- (1,4-BD-) and 
FADD-based repeat units, respectively. The composition as determined by 1H-
NMR spectroscopy will be used for the abbreviations. 
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5.2.4. Characterization 
Proton nuclear magnetic resonance (1H-NMR) spectroscopy was performed on a 
Bruker Avance III  spectrometer at 25 °C at a resonance frequency of 400.167 MHz. 
For the 1H-NMR experiments the spectral width was 6402 Hz, the acquisition time 
was 1.998 s, the delay time was 3 s and the number of scans was 16. Samples were 
prepared by dissolving 15-20 mg of the crude polyester in 0.8 mL of a 80:20 vol% 
CDCl3:TFA-d mixture. Chemical shifts are reported in ppm relative to the signal of 
tetramethylsilane (TMS), used as an internal reference and present in the CDCl3. 
Data analysis was performed by using Mestrec 4 software. 
Carbon nuclear magnetic resonance (13C-NMR) spectroscopy was performed on a 
Bruker Avance III spectrometer at 25 °C and at a resonance frequency of 100.630 
MHz. For the 13C-NMR experiments the spectral width was 24154 Hz, the 
acquisition time was 1.300 s, the delay time was 1 s and the number of scans was 
between 20000 and 30000. Samples were prepared by dissolving 20-30 mg of the 
crude polyester in 0.8 mL of a 80:20 vol% CDCl3:TFA-d mixture. Chemical shifts 
are reported in ppm relative to the residual solvent peak of CDCl3 (δ = 77.0 ppm). 
Size exclusion chromatography (SEC) was performed using a Shimadzu SIL-
10ADvp autosampler, a SCL-10Avp system controller, a DGU-20A3 degasser, a 
LC-10ADvp pump, a RID-10A refractive index detector, a SPD-10Avp UV detector, 
a CTO-10ACvp, and a PSS 5 μ guard column followed by 2 PSS SDV linear XL (5 
μm, 8x300 mm) columns working at 35 °C. Chloroform stabilized with amylene 
was used as the eluent at a flow rate of 1.0 mL/min. The obtained molecular 
weights were calculated with respect to poly(styrene) (PS) standards (Polymer 
Laboratories, Mp = 580 g/mol up to 7.1*106 g/mol). Samples were dissolved in a 
mixture of CHCl3:HFIP (90:10 vol%) at a concentration of 6 mg/mL. These samples 
were subsequently diluted three times with CHCl3. 
Gradient high-performance liquid chromatography (gHPLC) was performed on an 
Agilent 1100 series HPLC system equipped with a degasser (G1322A), a 
Quaternary pump (G1311A), an autosampler (G1313A), a diode-array detector 
(G1315A), a column oven (G1316A) and an Alltech evaporative light scattering 
detector (3300 ELSD, with a nitrogen flow 1.5 mL/min, operating at 55 °C) and a 
Zorbax SB-C18 column (4.6 x 150 mm, 5 μm operating at 25 °C). The injection 
volume used for higher concentration samples (5 mg/mL-1.5 mg/mL) was 1 μL. For 
samples with a concentration lower than 1.5 mg/mL an injection volume of 2 μL 
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was used. An eluent gradient was used, starting from water (MilliQ) keeping 
isocratic conditions for 5 min, then applying a gradient changing to 100% THF in 
20 min, and finally applying an isocratic period of 2 min. The calibration was 
validated prior and after each measurement series by measuring three samples 
with known amounts of FADD. Samples for gHPLC were prepared by extracting 
the PBT/FADD copolyesters with THF using a glass Soxhlet set up. Samples were 
prepared by weighing in approximately 7 mg of the extract and dissolving this in 1 
mL THF.  
Dynamic light scattering (DLS) was performed on a Microtrac apparatus 
(Nanotractm ULTRA) operating at room temperature. Measurements were 
conducted for 60 s and were performed five times. Samples were prepared in HFIP 
with similar FADD concentrations as present in the physical mixture.  
Variable-temperature Fourier transform infrared (FTIR) spectroscopy was 
performed on a Varian 610-IR spectrometer equipped with an microscope. The 
spectra were recorded in transmission mode from 30 up to 250 °C with a spectral 
resolution of 2 cm-1. PBT and copolyester films were cast from a CHCl3:HFIP (70:30 
vol%) mixture on a zinc selenium disk. The spectra were collected during the 
second heating run. The temperature was controlled using a Linkam TMS94 
hotstage and controller. The Varian Resolution Pro software version 4.0.5.009 was 
used for the analysis of the spectra. 
Wide-angle X-ray diffraction measurements were performed on a Rigaku 
Geigerflex Bragg-Brentano Powder Diffractometer using Cu radiation, wavelength 
1.54056 Å, at 40 kV and 30 mA. The scans were performed with 0.02° steps in 2θ 
and a dwell time of 3-6 s in the 2θ range from 10° till 35°. The analyses were 
performed on the crude copolyester samples. 
Differential scanning calorimetry (DSC) was performed by using a DSC Q100 from 
TA-instruments. The measurements were carried out from -50 to 260 °C with 
heating and cooling rates of 10 °C/min under a nitrogen flow of 50 mL/min. 
Small-angle X-ray scattering (SAXS) was performed at the Dutch-Belgian Beamline 
(DUBBLE) BM26B of the European Synchrotron Radiation Facility (ESRF) in 
Grenoble, France. The sample-to-detector distance was approx. 2 m and the sample 
was irradiated with X-rays with a wavelength of 1.033 Å. A Dectris-Pilatus 1M 
detector with a resolution of 981 × 1043 pixels and a pixel size of 172 × 172 μm was 
employed to record the 2D-SAXS scattering patterns. Standard corrections for 
sample absorption and background subtraction were performed. The data were 
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normalized with respect to the incident beam intensity in order to correct for 
primary beam intensity fluctuations. The scattering pattern of silver behenate was 
used for the calibration of the wavevector scale of the scattering curve. The SAXS 
patterns were acquired at room temperature. The scattering vector q was defined 
as q = 4π sin θ /λ with 2θ being the scattering angle. 
 
5.3. RESULTS AND DISCUSSION 
In this section, the fatty acid dimer diol (FADD) incorporation process will be 
discussed first, followed by the study of the chemical microstructure of the PBT-
based copolyesters. Finally, the morphology of the materials as function of the 
FADD content is studied. 
  
5.3.1. The incorporation of FADD into the backbone of PBT  
Copolyesters from poly(butylene terephthalate) (PBT) and various amounts (9, 20, 
37.5 wt%) of FADD in the feed were successfully prepared using SSM. The 
reactions were performed at 180 °C under nitrogen flow (2 L/min). 
The incorporation of the FADD residues into the PBT main chain was proven by 
using proton and carbon nuclear magnetic resonance (1H-NMR and 13C-NMR) 
spectroscopy, size exclusion chromatography (SEC) and gradient high-
performance liquid chromatography (gHPLC). In the 1H-NMR spectra presented in 
Figure 5.1, it can be noted that the signal related to the CH2 next to the hydroxyl 
groups of FADD, which had not yet participated in the formation of ester bonds in 
the physical mixture (signal f in Figure 5.1a), after the transesterification reaction 
has shifted to lower field (signal d, Figure 5.1b). This demonstrates the desired 
transesterification between the FADD OH end groups and the PBT ester groups, 
converting the free hydroxyl groups of the FADD into ester groups present in the 
backbone of the PBT/FADD copolyester. The resonance of the FADD ester (signal 
d, Figure 5.1b) in the PBT/FADD copolyester backbone can be found at a slightly 
higher field compared to the PBT ester resonance (signal b, Figure 5.1b), which is 
caused by the long aliphatic, non-polar chain of the FADD influencing the position 
of these resonances. Please note that no residual signal of unreacted hydroxyl 
groups originating from FADD units can be observed in Figure 5.1b. 
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FIGURE 5.1. 1H-NMR spectra of the copolyester PB59F41T  a) before and b) after the 
SSM reaction performed at 180 °C for tssm = 3 h. A schematic overview of the 
obtained chemical structure is presented showing the assignment of the various 
resonances. 
 
The initial feed and final chemical compositions as determined by 1H-NMR are 
shown in Table 5.1. It can be concluded from Table 5.1 that after SSM all PBT-based 
copolyesters are more rich in FADD compared to their feed compositions. 
Apparently, no significant amount of FADD was removed from the reactor during 
the SSM process. However, 1,4-butanediol (1,4-BD) was removed readily during 
the SSM reaction yielding copolyesters with enhanced FADD contents compared 
to their initial compositions. This conclusion is corroborated by a NMR study of 
the formed condensate, which exclusively contained 1,4-BD. The copolyesters are 
abbreviated using their chemical composition as determined by 1H-NMR 
spectroscopy. 
 
 
 

a) b) 
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TABLE 5.1. Overview of the prepared PBT/FADD-based copolyesters prepared by 
SSM (tssm = 3 h). The compositions were determined using 1H-NMR spectroscopy. 

Entry Initial feed 
composition in 

PBT/FADD 
mixa 

Final 
composition  
copolyester 
after SSMa 

Mn 
(kg/mol) 

Mw 
(kg/mol) 

PBTb 100/0 100/0 18.0 47.0 
PB90F10T 91/9 90/10 43.3 96.6 
PB76F24T 80/20 76/24 65.6 129 
PB59F41T 62.5/37.5 59/41 20.6 49.0 

a Ratio between the 1,4-BD/FADD units expressed in wt%, b The molecular weight 
of the initial pure PBT samples, without SSM treatment. 

 
In Figure 5.2, the 13C-NMR spectrum of a PBT/FADD copolyester PB59F41T is 
presented. The 13C-NMR spectrum of PB59F41T shows some interesting features. As 
discernible from Figure 5.2, two distinct resonances of carbon nuclei (signals b and 
d) next to the oxygen in the ester-bond are observed. In the early stage of the SSM 
only one resonance resulting from carbon nuclei next to the oxygen in the ester-
bond at 66.49 ppm (signal b, Figure 5.2) is observed. This resonance reflects the 
presence of the 1,4-BD ester in the PBT backbone. To determine the origin of the 
resonance positioned at 67.59 ppm (signal d), a polyester was prepared from 
dimethyl terephthalate (DMT) and FADD (P(FADDT)) by melt polycondensation 
and analyzed using 13C-NMR spectroscopy. The resonance of the carbon next to 
the alkoxy-group of the ester from P(FADDT) corresponds to the additional 
resonance observed at 67.59 ppm (signal d, Figure 5.2). Moreover, two distinct 
resonances are observed for the carbonyl groups at 168.49 and 168.82 ppm, 
respectively (signals g, Figure 5.2). This splitting proves the different environments 
of the carbonyl group, depending on the diol residue. Moreover, as a result of the 
incorporation of the FADD residues into the PBT backbone, splitting of the 
resonance resulting from the quaternary carbon atom in the phenyl ring at 133.80 
ppm is observed. As pointed out by Kricheldorf,10 Newmark,11 Yamadera,12 and 
Jansen13  these particular carbon atoms are sensitive to their chemical environment 
and can be used for a detailed analysis of the chemical microstructure of the 
backbone of the copolyesters. More information concerning the analysis of these 
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nuclei will be provided further on. All these aforementioned features prove the 
incorporation of the FADD residues into the backbone of PBT.  

 

 
FIGURE 5.2. 13C-NMR spectrum of PB59F41T prepared by SSM at 180°C for tssm = 3 
h. A schematic overview of the obtained chemical structure is presented showing 
the assignment of the various resonances. 
 
The incorporation of the FADD residues into the backbone of PBT was verified 
using SEC for the analysis of the evolution of the molecular weight distribution of 
the copolyesters as a function of SSM time (Figure 5.3). In Figure 5.3 the peaks 
around elution times of 13-15 min represent the high molecular weight 
(co)polyester. The peak of unreacted FADD is situated around 18 min (marked 
with *) and peaks in between these peaks (16-17.5 min) represent oligomeric 
intermediates generated by transesterification reactions. 
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FIGURE 5.3. SEC traces representing changes of the molecular weight of PB59F41T 
during the SSM as a function of the reaction time. 
 
It is clear that initially the molecular weight of the material, which contained 37.5 
wt% FADD in the feed, decreases due to chain scission. The chain scission is 
caused by the alcoholysis of the PBT chains by the free hydroxyl groups of the 
FADD.3 At the initial stage of the reaction the content of unreacted hydroxyl 
groups of the FADD is relatively high and accordingly chain scission is the 
dominating reaction. However, as shown in Figure 5.3, after 45 minutes of SSM an 
increase in the Mpeak values of the formed copolyester can be observed. This 
increase is a result of the polymer chain recombination by the transesterification 
(polycondensation) reaction that takes place between co-reactive end groups of 
chains present in the copolyester with elimination of the condensation product 1,4-
BD. This reaction dominates over chain scission when the content of unreacted 
hydroxyl groups decreases. Moreover, a sharp decrease in the peak intensity 
related to the unreacted FADD is clearly visible. For the copolyesters with 9 
(PB90F10T) and 20 wt% (PB76F24T) of FADD in the feed, similar trends were 
observed from SEC, which again points to the complete incorporation of the 
FADD. As illustrated by the NMR spectroscopy and SEC data, the FADD was 
incorporated into the backbone of PBT leading to copolyesters with high molecular 
weights. 
By an in-depth gHPLC analysis of the copolyester PB59F41T, the conversion of 
unreacted FADD was followed as a function of SSM reaction time (tssm,). The 
analysis was performed by the quantitative determination of unreacted FADD 
during the progress of the reaction. To remove the unreacted residues of FADD 
from the PBT/FADD copolyester for gHPLC analysis, a Soxhlet extraction with 
THF was performed and the obtained gHPLC results are presented in Figure 5.4. 
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FIGURE 5.4. Conversion of FADD during the synthesis of PB59F41T as a function of 
the tssm obtained from gHPLC. 

 
The gHPLC data depicted in Figure 5.4 display an interesting process occurs 
during the solid-state modification of PBT with FADD. A linear relationship 
between the relative concentration of the monomer and the reaction time during 
the first hour of the copolymerization or transesterification illustrates that the 
alcoholysis of PBT by FADD is a concentration-independent process. In view of the 
results presented by Jansen et al.,3 the modification of PBT by using the fatty acid 
dimer diol differs from Jansen’s PBT/2,2-bis[4-(2-hydroxyethoxy)phenyl]propane 
system. To elucidate the limitations of the rate of the FADD incorporation the 
diffusion of the condensate (1,4-BD) through the PBT particles, the diffusion of the 
condensate from the PBT particle surfaces to the gas stream and the diffusion of 
the reactive groups of the monomer through the polymer matrix should be taken 
into account.14,15 Admittedly, the combination of these processes can also affect the 
rate of the SSM process. Moreover, during SSM there is a competition between the 
swelling of the amorphous phase, partially dissolving the PBT crystals, by the 
comonomer and the incorporation of the monomer. These two effects have been 
reported in studies performed by Jansen et al.4 All these aforementioned factors 
need to be taken into consideration when the incorporation kinetics are evaluated. 
Most probably a diffusion-related limitation would be the cause of the apparent 
concentration-independent behavior. The diffusion of the reactive groups of the 
FADD could be a limiting factor during the incorporation. The FADD and PBT are 
structurally significantly different, but it is possible that a small amount of FADD 
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is miscible with the amorphous phase of PBT. Once this limit is crossed, small 
droplets of FADD could be present in the amorphous phase of PBT. This 
microphase separation at higher FADD contents could hinder its chemical 
incorporation into the PBT main chain. The reactive groups of the FADD need to 
diffuse from the droplets into the amorphous phase of PBT. In this case, the 
transesterification reaction can only take place near the interface between the two 
phases. The incorporation rate of the FADD into PBT could be largely 
concentration-independent, provided that a sufficient amount of free hydroxyl 
groups of unreacted FADD is diffusing towards the interface between the FADD 
monomer-rich droplets and the amorphous phase of PBT. Moreover, when the 
reactive groups of the FADD reach the interface they should be reacted away 
instantaneously. During the first hour of the SSM process the reaction rate is at a 
maximum and shows the abovementioned limitation. After one hour the curve 
shown in Figure 5.4 starts deviating from linearity. This decrease is caused by the 
gradual depletion of the unreacted hydroxyl groups of the FADD. Even though 
there would be some miscibility of the FADD with the amorphous PBT, the 
peculiar incorporation behavior suggests some form of phase separation between 
the two compounds. The relatively high molecular weight of the FADD and the 
large polarity difference between the FADD and PBT could be the possible driving 
forces for the microphase separation in the amorphous phase of the synthesized 
copolyesters. This microphase separation is expected to be already present in the 
unreacted physical mixtures (discussed in more detail in paragraph 6.3.2.). This 
postulation was initially analyzed using dynamic light scattering (DLS). 
Although 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) is generally considered as a 
good solvent for PBT, the physical PBT/FADD mixtures, prepared by the common 
solvent HFIP, could possibly already exhibit some form of phase separation. 
However, a clear solution of the PBT/FADD mixture in HFIP was obtained during 
the preparation of the SSM samples, which implies that any form of phase 
separation would have domain sizes that do not scatter visible light. DLS was 
applied to study the presence of phase separation in mixtures of 9, 20 and 37.5 wt% 
FADD in HFIP. This analysis proves the presence of particles with sizes between 
the 5 and 15 nm, which shows that FADD is not perfectly molecularly dissolved in 
HFIP, but rather dispersed. Nevertheless, it is possible that there is some molecular 
mixing during the preparation process of the physical mixtures of PBT and FADD 
in HFIP. Admittedly, these experiments were conducted at room temperature and 
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not in the presence of PBT. However, the possibility of complete molecular 
solubility at higher temperature and in the presence of PBT is unlikely. This result 
could account for the microphase separation in the physical PBT/FADD mixtures 
(see paragraph 6.3.2.) and, after SSM, in the copolyesters as suggested by DSC (see 
further and Chapters 6 and 7). The presence of some FADD-modified PBT chains 
could increase the compatibility of the PBT-rich and the FADD-rich phases, 
enhancing the contact area in which transesterification can occur.  
 
5.3.2. Main chain chemical microstructure of the PBT/FADD-based copolyesters 
Because the incorporation of FADD into the backbone of PBT did not show the 
expected two consecutive first order reaction steps (alcoholysis and recombination 
of the polymeric backbone), an in-depth study of the chemical microstructure of 
the PBT/FADD copolyesters prepared by SSM was performed using Fourier 
transform infrared (FTIR) spectroscopy, wide-angle X-ray scattering (WAXD) 
and 13C-NMR spectroscopy. To elucidate the distribution of the FADD over the 
crystalline and amorphous phases of the copolyesters, FTIR spectroscopy and 
WAXD were applied. Using FTIR analysis, the changes in the mobility of the 
FADD and PBT chain fragments were followed upon heating from 30 °C up to the 
melting temperatures of the prepared polyesters. In Figure 5.5 the FTIR spectra of 
PBT and the copolyester PB59F41T are comparatively presented. 
The FTIR spectra of neat PBT (Figure 5.5a) show various changes when the 
temperature was increased from 30 to 250 °C. The absorption bands at 750, 916, 811 
and 1028 cm-1 can be assigned to two different CH2-rocking modes in gauche-trans-
gauche sequences and various CH2-CH2 conformations and C-C stretching modes 
of the glycol residue, respectively.16–18 These bands originate from the α-crystalline 
phase of PBT, and upon heating they decrease in intensity or disappear.16–20 In the 
α-crystalline phase the conformation of the glycol residue is gauche-trans-gauche, 
while in the amorphous phase these units are all in the trans conformation.16,18,20 
The bands at a wavenumber of 1119 cm-1, assigned to the aromatic C-H in-plane 
bending vibration, also become less pronounced upon melting of the PBT. 
Amorphous PBT bands are observed at 730, 960 and 1020 cm-1 and can be assigned 
to the coupled carbonyl and the aromatic out-of-plane ring vibrations, the all trans 
configuration of the glycol residues, and in-plane ring deformation, respectively.18 
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FIGURE 5.5. FTIR spectra from PBT in the spectral range of a) 700-1200 cm-1 and b) 
1200-1600 cm-1 and from PB59F41T in the spectral range of c) 700-1200 cm-1 and d) 
1200-1600 cm-1 recorded upon heating from 30 up to 250 °C. The spectra were 
normalized by using the peak areas of the methylene absorption bands in the 
spectral interval 2800-3000 cm-1 (not shown). 
 
When the FTIR spectra of neat PBT (Figure 5.5a-5b) are compared with the spectra 
of the PB59F41T copolyester (Figure 5.5c-5d) there are no additional bands visible 
originating from the FADD that might be incorporated into the crystalline lattice of 
the polyester. These observations suggest that FADD is exclusively incorporated 
into the amorphous phase of the synthesized copolyesters and the occurrence of 
co-crystallization of FADD and PBT can, as expected, be ruled out. The FTIR 
spectra at wavenumbers higher than 1200 cm-1 showed a similar behavior (Figure 
5b and 5d). Changes in the signal intensities upon heating are found for the bands 
at 1320, 1387, 1458 and 1504 cm-1, which correspond to CH2 bending and wagging 
modes in the PBT crystal phase and a mode from the aromatic ring, respectively.17–

a) b) 

c) d) 
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21 Moreover, no additional absorption bands that would show co-crystallization of 
FADD with PBT were observed. To corroborate these findings, WAXD was used 
and the results are presented in Figure 5.6. 
 

 
FIGURE 5.6. Wide-angle X-ray diffraction patterns of PBT and the PBT/FADD-
based copolyesters. 
 
It is very clear that there are no changes to the crystal structure with the 
incorporation of the FADD. The intensity of the reflections decreases and this is 
due to the lower overall crystallinity of the sample. The addition of the non-
crystallizable FADD decreases the overall crystallinity of the sample. It is clear that 
the FADD does not crystallize, which was already suggested from FTIR (Figure 
5.5).  
The incorporation of the FADD into the amorphous phase of PBT was also 
demonstrated by using differential scanning calorimetry (DSC). The thermograms 
obtained for the copolyesters can be found in Figure 5.7. In general, it must be 
remarked that the exact determination of the Tg was difficult because of the small 
cp change, especially in the case of the PBT-rich amorphous phase. This points to 
the presence of a significant rigid amorphous fraction (RAF), which could be due 
to the preparation method of the PBT/FADD physical mixtures. These were 
prepared from solution and by this method usually higher amounts of RAF are 
found.9,13 
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FIGURE 5.7. a) Complete thermograms obtained from the first heating run and b) 
the glass transition temperature region of the PBT/FADD-based copolyesters 
prepared by SSM. Obtained at a heating rate of 10 °C/min. 

 
The first heating run thermograms were analyzed in order to obtain information 
on the thermal properties of the copolymers obtained directly after SSM. The Tg of 
PBT is usually observed around 45-50 °C. When the thermograms of the 
copolyesters viz. PB90F10T, PB76F24T and PB59F41T were studied, different 
observations can be made. For neat PBT, which for comparison reason was 
submitted to a similar SSM treatment, a Tg value of 51 °C was obtained, which is 
relatively high. In the thermogram of PB90F10T only one, hardly distinguishable Tg 
was observed around 50 °C. Most probably this small transition relates to the 
mobile amorphous fraction (MAF) of the copolyester. This MAF would consist of 
PBT and the FADD which was incorporated, thus the PBT-rich amorphous phase. 
The presence of a small Tg transition hints at the presence of a large RAF (vide 
supra). Since the FADD content is only 10 wt%, no significant difference in 
comparison to PBT was observed. It is possible that a second Tg is present 
corresponding to an FADD-rich amorphous phase, which could not be resolved. In 
the thermogram recorded for PB76F24T, two glass transitions are observed, viz. at -
18 °C and 45 °C for the FADD-rich and the PBT-rich amorphous phase, 
respectively. This proves microphase separation between the FADD modified 
chain segments and the PBT in the amorphous phase. Moreover, in the 
thermogram of PB59F41T two clear glass transitions are observed, namely at -28 and 
45 °C for the FADD-rich and the PBT-rich amorphous phase, respectively. The 
decrease in the lower Tg shows that this phase has a higher FADD content than the 

a) b) 
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FADD-rich phase of PB76F24T. It is possible that the extent of microphase 
separation has increased upon the increase in FADD content. The higher Tg value 
is lower than the value obtained for neat PBT (51 °C), hinting at a limited 
miscibility of the FADD with the PBT-rich amorphous phase. It is clear that 
microphase separation leads to an FADD-rich amorphous phase besides the PBT-
rich amorphous phase. Even though sometimes the transitions were weak, it is 
clear above 10 wt% of incorporated FADD, microphase separation has taken place 
inside the amorphous phase of the PBT/FADD-based copolyesters.   
In order to study the chemical microstructure of the PBT/FADD-based copolyesters 
in more detail and to determine the degree of randomness (R)-values, 13C-NMR 
spectroscopy was used. As already stated, the quaternary carbon atoms of the 
terephthalic acid residues are very sensitive to changes in their chemical 
environment and can therefore be used to probe the chemical microstructure or 
monomer sequence distribution of the copolymer backbone. Many authors already 
used this approach to analyze the microstructure of various copolymers.10,12,13,22–24 
Changes in the chemical environment of the quaternary carbon atoms of PBT, 
caused by the presence of FADD in the backbone of the copolyester, yield four 
dyads. In Figure 5.8, a schematic representation of these sequences is given using 
the method also employed by Jansen et al. in reference 13. Each of these dyad 
resonances represents a sequence of diols in the backbone of the PBT/FADD 
copolyester (Figure 5.8 and Table 5.2).  
The normalized integral values of these dyads were used to determine the degree 
of randomness (R-values) of the various copolyesters as function of the FADD 
content and for the specific copolyester PB59F41T also as function of the tssm. As 
presented by Yamadera et al. in reference 12, R can be defined by the following 
equation: 

𝑅 =
𝐹𝐵𝑇𝐹,𝑡𝑜𝑡

2 × (𝐹𝐵𝑇𝐵𝐹𝐹𝑇𝐹) 

where 

𝐹𝐵𝑇𝐵 = (
𝐹𝐵𝑇𝐹,𝑡𝑜𝑡

2 + 𝐹𝐵𝑇𝐵) 

𝐹𝐹𝑇𝐹 = (
𝐹𝐵𝑇𝐹,𝑡𝑜𝑡

2 + 𝐹𝐹𝑇𝐹) 

 
𝐹𝐵𝑇𝐹,𝑡𝑜𝑡 = 𝐹𝐹𝑇𝐵 + 𝐹𝐵𝑇𝐹 
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Here Fi  denotes the normalized integral value as obtained from 13C-NMR 
spectroscopy (i = FTB; BTB; FTF; BTF). 
 

 

 
FIGURE 5.8. Part of the 13C-NMR spectrum of PB59F41T, covering the resonances of 
the quaternary carbon atoms of the terephthalic acid residues, after tssm = 3 h. The 
splitting of the quaternary carbon atoms into four dyads, each representing a 
specific diol sequence, can be clearly observed. This splitting was used for the 
calculations of the degrees of randomness of the PBT/FADD-based copolyesters. 
 
TABLE 5.2. Four possible dyads and their respective 13C-NMR chemical shifts 
obtained from the spectra recorded for the PBT/FADD copolyesters. 

Dyad Chemical shift (ppm) 
FTB 134.18 
FTF 133.99 
BTB 133.80 
BTF 133.62 

 
The obtained R-values would be unity if the PBT/FADD-based copolyester has a 
random monomer sequence distribution. If the chemical microstructure of the 
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copolyester is non-random (blocky) the R-value would decrease towards zero.12,25 
In Figure 5.9, the obtained R-values for the various PBT-based copolyesters as a 
function of FADD content and the R-values of PB59F41T as a function of tssm are 
presented. 
 
 

       
FIGURE 5.9. The degree of randomness (R) values of a) the PBT/FADD-based 
copolyesters after 3 h solid-state reaction for different FADD contents and of b) 
PB59F41T as a function of tssm with (■) corresponding to the overall R-values and (o) 
corresponding Rα .  

 
It is clear from Figure 5.9 that all prepared PBT/FADD-based copolyesters have a 
blocky chemical microstructure since their R-values are significantly below unity. 
However, the overall (non-corrected) R-values calculated on the basis of the 
complete copolyester (amorphous plus crystalline domains), represented by ■ in 
Figure 5.9, gives an incomplete picture with respect to the chemical  microstructure 
in the amorphous phase of the PBT/FADD copolyesters, to which the 
transesterification reactions are restricted. In order to determine the R-values of the 
amorphous phases, which would indicate the efficiency of the transreactions, the 
overall R-values need to be corrected for the long PBT sequences present in the 
PBT lamellar crystals during the transesterification process and are (presumably) 
not participating in these transreactions. Without the correction for the crystalline 
phase we refer to the overall R-values (R), while after taking into account this 
correction for the crystalline fraction we refer to the corrected R-values (Rα). Jansen 
et al. developed a method which can account for the presence of the long PBT 
sequences, constituting the crystalline phase.13 Moreover, they describe the 
influence of the RAF on the R-values, because the RAF is supposed not to 

a) b) 
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participate in the SSM process either. RAF could have a too low chain mobility to 
be able to take part in the SSM process. This previously mentioned method also 
gives the liberty to account for the influence of RAF on the R-values. In their study, 
they showed that the amount of RAF is dependent on the amount of comonomer 
present in the physical mixture prior to the SSM process. The presence of more 
comonomer yields a more plasticized network and hence a lower amount of RAF. 
In this chapter we only correct for the crystallinity of the samples, and we will 
present the randomness values for the complete (mobile and rigid) amorphous 
phase. The correction was performed using DSC to determine the crystallinity 
recorded during the first heating run and using that value to recalculate the 
amount of PBT segments present in the amorphous phase. This was performed 
analogously to the method described in ref. 13 and the results are indicated in 
Figure 5.9 with the symbol (o). Figure 5.9a shows that the corrected R-values are 
relatively constant (0.7-0.8) up to FADD loadings of 24 wt%, whereas for 41 wt% 
FADD the R-value is significantly lower, viz. 0.4. This shows the formation of a 
more blocky microstructure for the copolyester with 37.5 wt% FADD in the feed 
(resulting in 41 wt% incorporated FADD), caused by a more pronounced 
microphase separation. From this data the influence of the amount of comonomer 
on the chemical microstructure is clear, something which is supported by the data 
obtained from the DSC analysis. In Figure 5.9b, the R-value of PB59F41T is depicted 
as a function of the solid-state reaction time. It can be observed that the R-value 
increases from 0.3 to 0.4 when the entire material is considered and from 0.3 to 0.5 
after correction for the crystallinity upon increasing the solid-state reaction time 
from 0.5 to 4 h. There is a slight increase in R-value of the amorphous fraction as 
function of tssm but this can be caused by an increase in crystallinity or by (limited) 
randomization of the chemical microstructure taking place by transesterification 
reactions. The randomization of the chemical microstructure of the PBT/FADD and 
other PBT-based copolyesters will be extensively studied in Chapters 7 and 8. 
 
5.3.3. Morphology of a series of PBT/FADD-based copolyesters 
Prompted by the results from gHPLC, DSC, and 13C-NMR, the obtained 
morphologies of the PBT/FADD copolyesters prepared by SSM were studied in 
more detail using small-angle X-ray scattering (SAXS).  
SAXS probes the electron density differences between various phases in the 
synthesized PBT/FADD-based copolyesters. In the case of a semi-crystalline 
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copolyester with a phase-separated amorphous phase, a three-phase system 
consisting of the PBT crystalline phase, the PBT-rich amorphous phase, which can 
contain a certain amount of FADD, and the FADD-rich amorphous phase can be 
distinguished. In Figure 5.10, the SAXS patterns of PBT and copolyesters 
containing different amounts of FADD are depicted. 
 

 
FIGURE 5.10. The Lorentz-corrected scattering patterns of PBT (-) and copolyesters 
PB90F10T  (∙∙∙), PB76F24T  (--) and PB59F41T (-∙) synthesized via SSM carried out at 180 
°C for 3 h. 

In Figure 5.10 it can be observed that the neat PBT, PB90F10T and PB76F24T 
copolyesters show one scattering maximum, originating from the regular stacking 
of the lamellar crystals and the amorphous regions in between the crystals. The 
trend is that the maximum shifts to lower q-values, and correspondingly larger d-
spacings between the crystals, with increasing FADD content, indicating that upon 
increasing the FADD concentration some swelling of the amorphous phase 
occurred. For the copolyesters containing 41 wt% FADD no clear maximum could 
be distinguished anymore. This is a result of a decrease in the regularity within the 
lamellar stacks of the copolyester when the amount of FADD is increased. 
Moreover, long-range order is significantly disturbed by the presence of significant 
amounts of FADD in the backbone of the copolyester (vide infra). Copolyester 
PB59F41T shows an additional scattering peak at a q-value of 1.05 nm-1, which could 
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indicate the presence of a sub-structure between the lamellae of the copolyester. 
When the area under the curves in Figure 5.10 are compared a few features can be 
noticed. There is a decrease in scattered intensity obtained for PB90F10T and 
PB76F24T compared to PBT. Most probably, this is caused by the sample during the 
SAXS measurement, sample size was very small and possibly not completely in the 
X-ray beam. Moreover, there is a clear increase in scattered intensity when 
PB59F41T is compared to PBT, showing the presence of much more scattering 
entities at various length scales and with a broad distribution of sizes. This clearly 
proves the presence of a phase-separated structure with a poorly defined size and 
correlation between the scattering entities and the decrease in the order in the 
sample. These results are corroborated by the DSC and 13C-NMR data. The 
morphology of these materials will be studied in more detail in Chapter 6.  
 
5.4. CONCLUSIONS 
By solid-state modification (SSM) copolyesters based on poly(butylene 
terephthalate) (PBT) and various amounts of fatty acid dimer diol (FADD) were 
successfully prepared. The chemical incorporation of the FADD into the PBT 
backbone and composition of these copolyesters was proven using NMR 
spectroscopy. Moreover, SEC and gHPLC analysis of the copolyesters revealed 
that the incorporation of the FADD was complete. Besides, gHPLC showed that an 
FADD concentration-independent reaction takes place during the solid-state 
reaction, which was caused by end-group diffusion limitations. Due to limited 
miscibility of the FADD with the amorphous PBT phase, droplets of FADD are 
present in the amorphous phase.  
The chemical microstructure of these copolyesters was studied using various 
techniques. By performing FTIR spectroscopy and WAXD it was proven that the 
FADD was exclusively incorporated into the amorphous phase of the copolyesters. 
DSC analysis pointed to a changing chemical microstructure as a function of 
FADD content. Two Tg values were obtained from the thermograms of PB76F24T 
and PB59F41T, proving the existence of a PBT- and FADD-rich amorphous phase. 
The Tg of the PBT-rich amorphous phase was virtually constant, showing a 
maximum miscibility of the FADD copolyester in the PBT matrix. The glass 
transition of the FADD-rich amorphous phase decreased with increasing FADD 
content, which proved the larger extent of phase separation at higher FADD 
contents. The chemical microstructure of the resulting PBT/FADD-based 
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copolyesters was studied in more detail by estimating their degrees of randomness 
(R) values using 13C-NMR. The results proved that the chemical microstructure of 
the chain segments of the copolymers was not random, not even after correction 
for the crystalline phase. A strong decrease of the R-value was observed for 
samples containing 41 wt% with respect to copolyesters containing up to 24 wt% 
FADD. This result showed the larger extent of microphase separation in PB59F41T 
compared to PB76F24T and copolyesters with even lower FADD contents.  
Finally, SAXS analysis was used to study the morphology of the obtained 
PBT/FADD-based copolyesters. It was clear from the SAXS data that more 
extensive microphase separation took place at FADD loadings exceeding 24 wt%. 
This was concluded based on the strong increase in scattered intensity at low q-
values. The long spacing also increased as a function of the FADD content, which 
implies swelling of the amorphous phase. Moreover, the disappearance of the clear 
scattering maximum for PB59F41T showed a significant disturbance of the long 
range order of the crystal lamellar stacks by the presence of the FADD. Finally, an 
additional scattering intensity was observed in the sample PB59F41T, which points 
to the presence of a finer microstructure within the amorphous regions in between 
the crystalline lamellae.  
Clearly, there is a strong dependence of the final chemical microstructure and 
morphology on the composition of the copolyesters, where at FADD contents 
exceeding 10 wt% microphase separation took place as determined from the 
aforementioned analytical techniques. However, in Chapter 7 results obtained with 
dynamic mechanical thermal analysis will show that this deviation is not so clear. 
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Chapter 6. A study on the morphology and morphology 
development of the PBT/fatty acid-based copolyesters 

 
Abstract. The morphology of a series of poly(butylene terephthalate) (PBT)/fatty 
acid dimer diol (FADD)-based copolyesters prepared by solid-state modification 
(SSM) was elucidated by transmission electron microscopy (TEM), solid-state 
nuclear magnetic resonance spectroscopy (ssNMR), differential scanning 
calorimetry (DSC), and small-angle X-ray scattering (SAXS). It was shown that 
in the copolyesters containing 10 wt% FADD two different phases, i.e. a PBT 
crystalline and a PBT-rich amorphous phases, were apparently present. As 
visualized by TEM, the FADD residues were located exclusively in the 
interlamellar regions. For the copolymers containing more than 10 wt% of FADD 
a three-phase morphological model has to be used. Here, a FADD-rich amorphous 
phase has separated from the PBT-rich matrix, as confirmed by differences in the 
chain dynamics determined by ssNMR and verified by using TEM. The physical 
mixtures, prior to SSM, can be described with the same morphological models as 
defined above. The diffusion of the non-incorporated FADD residues during the 
SSM reaction was proven. This diffusion enables the incorporation of large 
quantities of FADD although the materials showed strong phase separation. 
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6.1. INTRODUCTION  
The aim of this chapter is to verify the morphology of the copolyesters which were 
described in Chapter 5. Moreover, we want to prove the influence of the 
morphology of the physical mixtures and the SSM process on the final 
morphology. In Chapter 5, the synthesis of a series of poly(butylene terephthalate) 
(PBT)/ fatty acid dimer diol (FADD)-based copolyesters using solid-state 
modification (SSM) was presented. The incorporation of the comonomer in the 
backbone of PBT was proven using various analytical techniques. However, the 
incorporation did not follow the two consecutive first order reaction kinetics, as 
proposed by Jansen et al.1 This prompted a study concerning the chemical 
microstructure and morphology of the materials. The study performed with 
differential scanning calorimetry (DSC), carbon nuclear magnetic resonance (13C-
NMR) spectroscopy and small-angle X-ray scattering (SAXS), showed that phase 
separation of a FADD-rich amorphous phase occurred at FADD contents 
exceeding 10 wt%.  
This chapter presents a more detailed morphological study of three copolyesters 
containing 10, 24, and 41 wt% of FADD, respectively. In addition, three 
PBT/FADD-based physical mixtures containing 9, 20 and 37.5 wt% FADD will be 
studied.  
  
6.2. EXPERIMENTAL SECTION 
6.2.1. Materials 
Poly(butylene terephthalate) (PBT) granulate (Mn = 18 kg/mol, Mw = 47 kg/mol)  
was provided by DSM and the fatty acid dimer diol (FADD) was a gift from 
CRODA. Potassium nitrate (KNO3), sodium nitrate (NaNO3) and sodium nitrite 
(NaNO2) were all obtained from Sigma-Aldrich. 1,1,1,3,3,3-hexafluoroisopropanol 
(HFIP, 99%) was obtained from Biosolve. All chemicals were used as received, 
unless denoted otherwise.  
 
6.2.2. Synthesis of the PBT/FADD-based copolyesters 
The synthesis of the copolyesters used in this study was described in Chapter 5. 
 
6.2.3. Characterization 
Small-angle X-ray scattering (SAXS) and differential scanning calorimetry (DSC) 
were performed as described in Chapter 5. 
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Variable-temperature (VT) solid-state 13C{1H} Cross-Polarization/Magic-Angle 
Spinning (CP/MAS) NMR and 13C{1H} Insensitive Nuclei Enhanced by Polarization 
Transfer (INEPT) experiments were carried out on a Bruker AVANCE-III 500 
spectrometer employing a double-resonance probe for rotors with 4.0 mm outside 
diameter. These experiments utilized a MAS frequency of 10.0 kHz, a 5.0 μs π/2 
pulse for 1H and 13C, a CP contact time of 3.0 ms, and TPPM decoupling during 
acquisition.2 The CP conditions were pre-optimized using L-alanine. The 13C{1H} 
INEPT spectra were recorded using the refocused-INEPT sequence with a J-
evolution period of either 1/3JCH or 1/6JCH and assuming a 1JCH of 150 Hz, i.e. for a 
J-evolution time of 1/3JCH the signals from CH and CH3 groups are positive, while 
those of CH2 are negative.3,4 The temperature was controlled using a Bruker 
temperature control unit in the range from 30 to 180 °C. The VT 13C{1H} CP/MAS 
and 13C{1H} INEPT NMR spectra were recorded under isothermal conditions at 
selected temperatures. A heating rate of 2 °C/min was employed between different 
temperatures. Reported temperatures are corrected for friction-induced heating 
due to spinning using 207Pb MAS NMR of Pb(NO3)2 as a calibtation.5 

Transmission electron microscopy was performed using a Tecnai 20 microscope, 
operated at 200 kV. Ultrathin sections were obtained at -45°C using a Leica 
Ultracut S/FCS microtome. The sections were stained using RuO4-vapour for 30 
minutes. The ruthenium tetroxide (RuO4)-solution was prepared according to the 
method described by Montezinos et al.6  
 
6.3. RESULTS AND DISCUSSION 
The modification of poly(butylene terephthalate) (PBT) with a bio-based fatty acid 
dimer diol (FADD) was described in Chapter 5. From the data presented in that 
chapter several conclusions were drawn. First, significant amounts of FADD could 
be incorporated using the solid-state modification approach (Table 5.1). Second, 
the FADD is incorporated within a short period of time and this reaction is 
catalyzed by the titanium-based catalyst present in the PBT. Third, the FADD 
residues are exclusively incorporated into the amorphous phase of the copolyester 
material (Figures 5.5 and 5.6). Finally, using differential scanning calorimetry 
(DSC), carbon nuclear magnetic resonance (13C-NMR) spectroscopy, and small-
angle X-ray scattering (SAXS) a strong composition dependence of the chemical 
microstructure and morphology was observed. It was suggested that at FADD 
contents > 10 wt% phase separation occurred, which became very evident at 41 
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wt% FADD. Based on these results, two models for the morphology in relation to 
the FADD content of these materials are proposed below (Figure 6.1). 
 

           
FIGURE 6.1. Morphological models for: a) the two-phase and b) the three-phase 
morphology of the PBT/FADD-based copolyesters. The shaded area represents a 
cross-section of a spherulite. The PBT crystalline phase is indicated by 1, the PBT-
rich amorphous phase by 2 and the clearly phase separated FADD-rich amorphous 
phase by 3. 
 
At low FADD contents (≤ 10 wt%) (Figure 6.1a), the FADD segments are more or 
less homogeneously distributed throughout the amorphous phase of the 
copolyester. This implies that there are two phases, viz. a PBT crystalline (1, 
Figures 6.1a and 6.1b) and a PBT-rich amorphous phase (2, Figure 6.1a and 6.1b), 
present in the material, hence the name two-phase model (represented by Figure 
6.1a). Once a certain threshold composition is exceeded, the additional FADD-
modified chain segments will strongly phase separate and form a clear FADD-rich 
amorphous phase (3, Figure 6.1b). This additional phase can be described as small 
droplets within the PBT-rich matrix. As a result, three phases are present within 
the material (represented by Figure 6.1b). A more detailed analysis of the 
morphology of these copolyesters is presented in the following paragraph. This 
study is followed by paragraphs concerning the morphology of the PBT/FADD-
based physical mixtures (prior to SSM) and the development of the morphology 
over time during the SSM process. 
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6.3.1. Morphology analysis of PBT/FADD-based copolyesters with varying 
FADD contents 
Solid-state nuclear magnetic resonance (ssNMR) spectroscopy, differential 
scanning calorimetry (DSC) and transmission electron microscopy (TEM) were 
used to verify the proposed morphological models (Figure 6.1). The obtained 
results are presented in addition to the small-angle X-ray scattering (SAXS) and 
quantitative 13C nuclear magnetic resonance (NMR) spectroscopy data reported in 
Chapter 5.  
Variable-temperature (VT) 13C{1H} Cross-Polarization/Magic-Angle Spinning 
(CP/MAS) was used to study the chain dynamics of the PBT and the PBT/FADD-
derived copolyester PB59F41T. This technique allows a detailed analysis of the 
copolyesters on the molecular scale via the carbon (13C) chemical shifts, as reflected 
in their isotropic chemical shift. In addition to VT 13C{1H} CP/MAS NMR 
experiments, analysis of the fraction located in the more flexible regions of the 
polymers was carried out by applying the refocused 13C{1H} Insensitive Nuclei 
Enhanced by Polarization Transfer (INEPT) sequence. For clarity, the regions 
studied by the CP/MAS method will be designated as the rigid regions and these 
regions most-likely consist of the crystalline PBT phase and the constrained 
amorphous phase (PBT-rich amorphous phase). Using the INEPT technique, the 
mobile regions are studied and these regions consist mainly of the FADD-rich 
amorphous phase, composed of FADD-modified PBT chain segments in addition 
to a few neat PBT segments. The rigid and mobile regions should not be confused 
with the rigid and mobile amorphous fraction, which are both related to the 
amorphous phase of PBT. The differentiation between mobile and more restricted 
regions relies on the different NMR spin-spin couplings used in the two 
experiments (through space dipole-dipole coupling or the one-bond J-coupling 
for 13C{1H} CP/MAS and 13C{1H} INEPT NMR, respectively) and different T2 
relaxation times, i.e. the rigid regions are characterized by having short T2 
relaxation times, which makes the transfer of 1H magnetization to 13C via the one-
bond J-coupling in 13C{1H} INEPT NMR experiments inefficient.7 Conversely, the 
more mobile part shows limited efficiency when analyzed via 13C{1H} CP/MAS 
NMR experiments due to strongly averaged 13C-1H dipole-dipole couplings. A 
sample of neat PBT that received a similar solvent and thermal treatment as the 
SSM samples was used as reference in the solid-state NMR experiments. The 
VT 13C{1H} CP/MAS spectra and a representative structure of PBT are shown in 
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Figure 6.2. Moreover, an overview of the assignments of the resonances can be 
found in Table 6.1.  
All 13C resonances originating from the chemically different carbon atoms of PBT 
are well resolved and can be assigned accordingly. The assignment of the 13C 
resonances of the PBT backbone was straightforward using solid- and liquid-state 
NMR data.8-11 
 

 

 
FIGURE 6.2. a) VT 13C{1H} CP/MAS NMR spectra of PBT in the range from 20 to 
140 ppm, b) the carbonyl region of the PBT spectra recorded in the temperature 
range of 41-140 °C. All spectra were obtained at 11.75 T (500.13 MHz for 1H) using 
a MAS frequency of 10.0 kHz and 1H decoupling during acquisition. A schematic 
representative chemical structure of PBT showing the assignment of the various 
resonances is also presented. The resonances labeled with * are spinning side 
bands. 
 
Figures 6.2a and 6.2b summarize the results obtained for PBT in the temperature 
range 41-140 °C. Upon heating, the resonances b, d, and f, assigned to the non-
protonated aromatic carbon atoms, the carbon atoms next to the ester functionality 
or the aliphatic carbons atoms, respectively, change both in position and intensity. 
This demonstrates a higher heterogeneity of the sample at temperatures below 90 
°C, while above this temperature the polymer chain segments undergo some 
conformational reorganization. The broad resonances at temperatures below 90 °C 
indicate the presence of various regions with different chemical environments, 

a) b) 
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which are not averaged out during the solid-state NMR measurements, unlike in 
liquid-state NMR. When the temperature is increased further above the Tg, various 
rearrangement processes can occur, decreasing the amount of different chemical 
environments. One example of such a rearrangement process is cold-crystallization 
which can take place due to the extensive thermal treatment of the sample during 
the solid-state NMR experiments.  
 
TABLE 6.1. 13C Chemical shifts (in ppm) of PBT and PBT/FADD-based 
copolyesters after SSM. 

Signala PBT  PBT/FADD-based  
copolyester 

C=O (a) 164.8 164.6 
Ar (b) 134.4 134.3 
Ar (c) 129.0-131.0 129.0-131.0 

-OCH2- (d) 65.5 65.6 
-CH2- (1,4-BD) (f) 25.9 26.9 
-CH2- (FADD) (e) - 30.5 

-CH2 (e’) - 14.8 
a Determined from the 13C{1H} CP/MAS NMR spectrum recorded at 41 °C. 
 
Interestingly, the resonance assigned to the aromatic carbon c is split into two 
discrete signals at temperatures below 120 °C. A similar phenomenon was 
observed for semi-aromatic polycondensates analyzed by solid-state NMR 
spectroscopy, which was attributed to the non-equivalency of the torsion angles of 
the aromatic moiety around the ester groups.12–14 However, due to enhanced 
mobility at temperatures exceeding 120 °C, the aromatic signals merge and give 
only one resonance. The resonance assigned to the carbonyl group at ~165 ppm 
(Figure 6.2b) also shifts to slightly lower field upon heating. Although being a 
different system, similar changes were observed by Jasinska et al.15 for isohexide-
derived polyamides where the carbonyl resonance shifted to lower field as the 
temperature was increased. In the data presented by Jasinska et al. this shift is 
much more pronounced because of the stronger interactions of the carbonyl 
groups in polyamides when compared to polyester carbonyls (hydrogen bonding 
vs. dipole-dipole interactions).  
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VT 13C{1H} INEPT NMR analysis was used to obtain more insight into the changes 
of the chain mobility of the PBT sample as a function of temperature. Remarkably, 
no 13C resonances are visible in the 13C{1H} INEPT spectra recorded at a 
temperature below 140 °C. This feature indicates a limited flexibility of the PBT 
polymer chain fragments in the measured temperature window. Jansen et al.16,17 
showed that the mobile amorphous fraction (MAF) is rather small after solution 
preparation of PBT-based physical mixtures and that a significant part of the 
amorphous phase can be considered as a part of the rigid amorphous fraction 
(RAF), which shows the constricted nature of this amorphous phase. The ssNMR 
data recorded for PBT are subsequently used as reference to characterize the 
PBT/FADD-based copolymers. 

 

          
FIGURE 6.3. The a) VT 13C{1H} CP/MAS and b) VT 13C{1H} INEPT NMR spectra of 
PB59F41T as a function of temperature. A schematic chemical structure of PB59F41T 
with assignment of the different 13C resonances is also presented. All spectra were 
obtained at 11.75 T (500.13 MHz for 1H) using a MAS frequency of 10.0 kHz and 1H 
decoupling during acquisition. 
 
Figure 6.3 presents the VT 13C{1H} CP/MAS and VT 13C{1H} INEPT spectra of the 
PBT/FADD-based copolyester containing 41 wt% FADD (PB59F41T). From these 
spectra it is evident that the rigid regions of the PB59F41T copolyester share many 

a) b) 
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similarities with the rigid regions of the neat homopolyester PBT (Figure 6.2). 
The 13C resonances attributed to the PBT-residues within the copolyester backbone 
are well resolved and their assignments are presented in Table 6.1. The 13C 
resonances in the VT 13C{1H} CP/MAS spectra (Figure 6.3a) become more narrow 
and shift towards higher ppm values upon heating. Moreover, the splitting of 
the 13C resonance c (aromatic signal) is also clearly visible in these spectra (Figure 
6.3a). The observed changes are related to an increased mobility of the copolymer 
chain fragments and the non-equivalency of the torsion angles of aromatic 
fragments at elevated temperature, as explained above. More importantly, Figure 
6.3a includes two additional 13C resonances (labeled e and e’), which are assigned 
to the FADD structure, implying that FADD residues are present in the rigid 
regions as studied by CP/MAS experiments. Since these rigid regions consist of the 
crystalline phase and the constricted PBT-rich amorphous phase this would imply 
that FADD residues would be present in the constricted amorphous phase, most 
probably in the interlamellar domains. This conclusion can be drawn because in 
Chapter 5 it was proven that the FADD residues are not present in the crystalline 
phase (Figures 5.5 and 5.6). Thus, the solid-state NMR spectroscopic data 
presented in Figure 6.3a clearly confirm the presence of FADD residues in the 
(more rigid) PBT-rich amorphous regions, as also deducted from DSC (Chapter 5) 
and TEM (vide infra).     
To prove the existence of the expected mobile regions composed of the FADD-rich 
amorphous phase in PB59F41T, as depicted in Figure 6.1b, VT 13C{1H} INEPT NMR 
experiments were carried out. The FADD-rich amorphous phase is much more 
mobile compared to the PBT-rich amorphous phase and therefore should be clearly 
distinguishable by 13C{1H} INEPT NMR experiments. The VT 13C{1H} INEPT NMR 
spectra of PB59F41T are presented in Figure 6.3b, with the resonances assigned 
according to the presented structure. Since these spectra show the presence of well-
resolved 13C signals for the resonances labeled e, e’ and f already at 50 °C, it can be 
concluded that the FADD residues are also located in the mobile regions present in 
the semi-crystalline copolyester. The 13C resonances become more intense with 
increasing temperature, which is a result of the enhanced mobility of the polymer 
chain fragments, which was described above. The VT 13C{1H} INEPT NMR spectra 
in Figure 6.3b also show 13C resonances from the ester (signals d, h) and 
terephthalic (signal c) residues, proving the presence of FADD-modified polyester 
chain segments within the more mobile/flexible regions of the PB59F41T material. 
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The absence of carbonyl or quaternary carbon-atom resonances can be explained 
by the fact that neither of these have H-nuclei directly bonded and, therefore, no 
polarization transfer can occur. Thus, the solid-state 13C NMR experiments 
unambiguously confirm that the FADD is located in both the rigid (consisting of 
the crystalline and constrained, PBT-rich amorphous phase) and mobile (mainly 
FADD-rich amorphous phase) regions of the PBT-based copolyester. When these 
results are combined with the data obtained by DSC (Figure 5.7), it can be 
concluded that the copolyester containing 41 wt% FADD can be described by the 
three-phase model (Figure 6.1b). In order to further support the validity of the 
proposed two-phase and three-phase models (Figure 6.1) and to determine the 
appropriate morphological model for all three copolyesters, TEM was used.  
Two series of samples were analyzed, viz. the product as obtained from the SSM 
reactor as well as samples that were melted, recrystallized, and annealed at similar 
undercoolings for 1 hr. The former series of samples was selected to study the 
morphology directly after SSM. The later experiments were performed to enhance 
the extent of the phase separation. The TEM images obtained for the polymers 
directly after SSM are shown in Figure 6.4 while the images of the annealed 
samples are presented in Figure 6.5. 
The TEM images in Figure 6.4 clearly verify the morphological changes as a 
function of the FADD content. The regions of lighter color represent the crystalline 
regions, caused by the inability of the staining agent to diffuse into the crystals. 
The darker areas represent the amorphous regions, which can be stained by the 
ruthenium tetroxide. In Figure 6.4a, representing the unmodified PBT after solvent 
and heat treatment, the PBT crystalline and amorphous phase can be observed. 
The contrast between the amorphous and crystalline regions of the materials seems 
to increase when FADD is incorporated (Figure 6.1b with 10wt% FADD 
incorporated), suggesting the presence of the FADD residues between the lamellar 
PBT crystals. However, whether these residues are homogeneously distributed 
throughout the amorphous phase cannot be derived from this image. Nevertheless, 
it is clear that no extensive phase separation has occurred. 
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FIGURE 6.4. TEM images obtained of a) PBT, b) PB90F10T, c) PB76F24T and d) 
PB59F41T directly after SSM at 100 nm scale, stained using ruthenium tetroxide. 
 
When more FADD is incorporated (Figure 6.4c-d) the contrast seems to decrease 
and, in addition, the distance between the lamellae increases. The increase in the 
distance between the crystalline lamellae can be attributed to the presence of the 
FADD between the lamellar crystals, which leads to swelling of the amorphous 
phase (vide infra). Moreover, the morphology becomes less ordered when more 
than 10 wt% of FADD is incorporated (Figure 6.4c-d). The stacking of the lamellar 
PBT crystals becomes less organized. In addition, randomly dispersed FADD-rich 
amorphous phases (darker regions) are distinguishable. These observations are 
corroborated by the SAXS data obtained for the copolyesters (Figure 5.10). Both the 
decrease of the regularity of the lamellar stacks and the swelling of the amorphous 
phase were presented in paragraph 5.3.3. 

a) b) 

c) d) 
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Using the TEM data in combination with the data presented in Chapter 5 the 
validity of the two-phase model for materials containing less than 20 wt% seems to 
be proven. At FADD contents ≥ 20 wt% (Figures 6.4c and 6.4d), indications of the 
formation of this additional phase can be found. These results are in line with the 
results obtained by using solid-state 13C MAS NMR (Figure 6.3) and further 
demonstrate that at FADD contents ≥ 20 wt% the material can be described by the 
three-phase morphological model (Figure 6.1b). To verify that the PBT/FADD-
based copolyesters, with a high FADD-content, reveal a more pronounced phase 
separation upon annealing the annealed materials were also studied using TEM as 
shown in Figure 6.5. 
 

                
 

              
FIGURE 6.5. TEM images obtained for a) PBT, b) PB90F10T, c) PB76F24T and d) 
PB59F41T after one hour of annealing in a DSC at 0.2 μm scale, stained using 
ruthenium tetroxide. 

 

a) b) 

c) d) 
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The neat PBT shows some contrast, but the contrast was not very strong, which 
was earlier observed by Manabe et al.18 The contrast between the lamellar PBT 
crystals and the amorphous phase increases when the FADD is incorporated. The 
presence of FADD residues in the interlamellar domains causes the increase in the 
contrast. The FADD residues probably contain residual double bonds, which are 
easily oxidized by the ruthenium compound, leading to the staining. Similarly, to 
the trend discerned from Figure 6.4, the spacing between the lamellar crystals 
increases with FADD content. Figure 6.5c, presenting the TEM image of PB76F24T, 
does not reveal extensive phase separation. However, PB59F41T clearly shows a 
phase-separated morphology as well as a good contrast between the crystalline 
and amorphous domains (Figure 6.5d). The phase-separated domains have sizes in 
the order of 100-200 nm and are composed of the incorporated FADD residues and 
PBT. As shown by DSC (Figure 5.7), the FADD-rich amorphous phase consists of 
FADD- and 1,4-butanediol (1,4-BD)-terephthalate segments. It was shown that a Tg 
value of -24 °C was obtained for the FADD-rich amorphous phase, while a pure 
FADD-terephthalate amorphous phase would give a Tg value of -31 °C. These 
results are corroborated by the solid-state 13C MAS NMR data (Figure 6.3) and by 
the SAXS data presented in Chapter 5. The conclusion from this morphological 
study on the PBT/FADD-based copolyesters is that, depending on the copolyester 
composition, the material can be described either by a two-phase or three-phase 
model. PBT materials with less than 20 wt% of incorporated FADD can best be 
described by the two-phase model, since no extensive phase separation has 
occurred. The samples containing ≥ 20 wt% of FADD can be described by the 
three-phase model. The origin of this interesting morphology is, however, not yet 
known. Prior to the SSM reaction, the miscibility between the PBT and the FADD is 
limited due to the large polarity difference. Hence, phase separation will probably 
occur during the preparation of the physical mixtures. The morphology of the 
physical mixtures, prior to the SSM reaction most likely is of great influence on the 
final morphology of the copolyesters. Therefore, the morphology of the physical 
mixtures will be studied in the next paragraph. 
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6.3.2. Morphological study of the physical PBT/FADD mixtures prior to the SSM 
reaction 
The influence of the morphology of the physical mixtures of PBT and FADD before 
SSM might exert a strong influence on the morphology of the copolyesters after 
SSM. It is likely that at higher FADD contents (≥ 20 wt%) the physical mixtures of 
PBT and FADD will show some phase separation. In Chapter 5, dynamic light 
scattering showed that the FADD was not molecularly dissolved in HFIP during 
the preparation of the physical mixtures, which substantiates this view. In this 
paragraph, the morphology of three physical mixtures with increasing FADD 
content, i.e. 9, 20 and 37.5 wt% FADD, were studied in more detail using SAXS, 
DSC and TEM. The SAXS scattering patterns obtained for these physical mixtures 
are shown in Figure 6.6. 
 

 
FIGURE 6.6. Lorentz-corrected SAXS patterns of the physical mixtures of PBT with 
(-) 9 wt%, (--) 20 wt% and (∙∙∙) 37.5 wt% of FADD prior to SSM. 
 
At low q-values a decrease in the scattered intensity is observed when the FADD 
content is increased, which is unexpected. The presence of large-scale 
heterogeneities (phase-separated FADD-rich phase) is expected to manifest itself in 
this region. However, the presence of voids (formed during the common solvent 
preparation technique) could preclude a proper analysis of this region. Hence, a 
more detailed analysis of this region should be performed. At intermediate q-
values (0.3 > q < 1.0 nm-1) all the scattering curves show a well-resolved scattering 
peak, corresponding to the long spacing (Lp) between the lamellar PBT crystals. 
The presence of this scattering peak illustrates the presence of the stacks of 
lamellar PBT crystals. During the preparation of the physical mixtures by the 
common solvent approach, the FADD does not significantly hinder the 
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crystallization of the PBT. These results are supported by DSC data of the physical 
mixtures (vide infra). However, the scattering peak shifts to lower q-values with 
increasing FADD content, which indicates an increase of the Lp. The swelling of the 
interlamellar amorphous phase with FADD causes the observed increase in the Lp. 
Swelling of the amorphous phase with some of the comonomers was also 
described by Jansen et al.16,17 The presence of FADD residues in the interlamellar 
regions after SSM suggests that these residues were already there prior to the 
transesterification reaction. However, at FADD contents ≥ 20 wt%, no additional 
increase in the Lp is observed. Since these materials are of similar crystallinity, this 
suggests that the amorphous phase has a limited swellability with the increasing 
amount of comonomer. The additional FADD will form a separate phase, which 
does contain some PBT chain segments (see below). This phase-separated FADD 
phase has no well-defined size or shape (see Figure 6.8). Interestingly, even though 
the FADD phase separates from the PBT matrix, still all the comonomer residues 
are incorporated into the copolyester main chain (Table 5.1). Hence, during the 
reaction, the FADD must be able to diffuse through the PBT-based matrix (vide 
infra) 
To verify the SAXS results and more specifically to prove the phase separation,  
DSC was used to analyze the thermal transitions of the PBT/FADD-based mixtures 
prior to the SSM. As suggested above (Figure 6.6), the crystallization of the PBT 
during the preparation of the physical mixtures is not significantly hindered. This 
is confirmed by DSC, showing only minor changes in the melting temperature 
(from 225 to 223 °C) when the FADD is present. In addition, the crystallinity of the 
physical mixtures (after normalization) does not show a decrease as a function of 
the FADD content.  
 

 
FIGURE 6.7. DSC thermograms recorded from -70°C to 100 °C of the physical 
mixtures of PBT and various amounts of FADD. 



 
136 

 
More interesting are the data obtained from the glass transition temperature region 
(from -70 °C up to 100 °C) of the thermograms (Figure 6.7). An additional 
transition is observed for the physical mixtures of PBT/FADD containing more 
than 10 wt% of FADD (Figure 6.7). The additional transition (-54 °C) is assigned to 
the glass transition of the phase-separated FADD. However, a certain amount of 
PBT segments must be present in this phase because the Tg value of neat FADD is -
61 °C. Therefore, it can be concluded that in physical mixtures containing more 
than 10 wt% of FADD, the comonomer phase separates from the PBT matrix. 
The results obtained for the physical mixtures of PBF/FADD with SAXS and DSC 
are supported by TEM images, as shown in Figure 6.8. 
 

              
 

 
FIGURE 6.8. Transmission electron microscopy images of physical PBT/FADD-
based mixtures containing: a) 9 wt%, b) 20 wt% and c) 37.5 wt% FADD at 0.2 μm 
scale, stained with ruthenium tetroxide. 

a) b) 

c) 
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TEM verifies the FADD content dependence of the morphology of the physical 
mixtures. At 9 wt% of FADD there is no significant phase separation (the observed 
dark spots are staining artefacts). However, this does not necessary imply that the 
amorphous phase has a homogeneous composition. At higher FADD contents the 
additional phase-separated phase is evident. This corroborates the above presented 
DSC data on the presence of an additional FADD-rich phase. These results indicate 
that the morphological models proposed for the PBT/FADD-based copolyesters 
(Figure 6.1) are also valid for the physical mixtures of the aforementioned 
compounds. However, at low FADD content there could be heterogeneities that 
are not observable by DSC of TEM. 
A study towards the morphology development during the SSM reaction is desired 
and presented in paragraph 6.3.3. 
 
6.3.3. Structure development during the solid-state modification 
To evaluate the structure development of the copolyesters during the SSM process, 
the reaction of PB59F41T was studied by SAXS and DSC as a function of the reaction 
time (tssm). In Chapter 5, liquid-state 13C-NMR was used to study the chemical 
microstructure of the copolyesters. From the data presented in Figure 5.9, only a 
limited change of the randomness values were noticed during the SSM reaction. 
However, all the comonomer is incorporated during the reaction even though the 
physical mixtures show a strongly phase-separated morphology prior to the SSM 
reaction. Hence, diffusion of the comonomer residues through the polymeric 
matrix must occur. To verify this hypothesis, PB59F41T was analyzed using SAXS 
and DSC. 
It is evident from Figure 6.9 that the scattering maximum does not shift as a 
function of the reaction time. This implies that the Lp does not change during the 
SSM process, thus the thickness of crystalline lamellae and amorphous phase does 
not change. This later conclusion implies that no additional swelling of the 
interlamellar amorphous phase takes place during the SSM process. At q-values 
exceeding 0.4 nm-1 (Figure 6.9a) there is a shoulder, which becomes more 
pronounced as a function of tssm. Copolyesters containing 10 wt% and 24 wt% 
FADD also show this additional scattering maximum (Figure 5.10), but less 
pronounced. This shoulder was assigned to an additional phase in between the 
lamellar PBT crystals. This shoulder becomes more pronounced during the SSM 
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reaction due to the replacement of the 1,4-BD units by the FADD residues, so the 
electron density difference becomes more pronounced. 
 

 
FIGURE 6.9. Lorentz-corrected SAXS patterns plotted a) logarithmically (shifted 
vertically for clarity) and b) linearly obtained for PB59F41T as a function of tssm. 
 
To study the changes in the low q-region (<0.3 nm-1), which are indicative for 
larger scale heterogeneities, a linear plot is presented in Figure 6.9b. There is a 
trend as a function of time, but the sample reacted for 120 min does not adhere to 
this trend. The scattering at low q-values (< 0.3 nm-1) initially decreases and 
subsequently increases and the scattering maximum becomes less pronounced. 
The less pronounced scattering maximum is also evident in Figure 6.9a. Both these 
two phenomena indicate an increases in the excess scattering and a decrease in 
order in the lamellar stacking of the crystals. Apparently, the incorporation of the 
FADD changes the electron density profile of the sample. The presence of 
uncorrelated scattering entities with a wide size distribution could cause the 
increase in excess scattering and the resulting loss of the scattering maximum. This 
corroborates the results obtained from the TEM analysis (Figure 6.4). As suggested 
in the previous paragraph, the unreacted FADD must diffuse though the PBT 
matrix during the SSM reaction. This process is accelerated by the already 
incorporated FADD segments because these act as compatibilizers for the FADD 
and the PBT. Hence, there is some monomer diffusion through the amorphous PBT 
matrix, leading to a less well defined phase-separated morphology as a function of 
the SSM time. To validate the above-presented results, DSC was used to study the 
thermal transitions of the copolyester PB59F41T as a function of tssm.  
 

a) b) 
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FIGURE 6.10. DSC thermograms recorded from -80 °C to 100 °C of the PBT/FADD-
based copolyester PB59F41T as a function of the tssm. 

 
The first heating runs of the DSC experiments were used for this study because 
these represent the morphology of the material directly after SSM. The most 
important data regarding the morphology of these materials is obtained from the 
glass transition region (-70 °C to 100 °C) of the recorded thermograms. A 
transition, representing the Tg of a FADD-rich phase, at temperatures in the region 
of -54 °C up to -27 °C is observed. The transition prior to the reaction (tssm = 0 min) 
is found at -54 °C, which is 7 °C higher than the Tg of the neat FADD, and thus 
obviously a few PBT chains reside within this phase. When the Tg values are 
followed as a function of the SSM time, a gradual increase in this lower 
temperature transition is observed. This indicates the incorporation of the FADD 
into the backbone of the PBT, but also the diffusion of the FADD residues into the 
PBT-rich amorphous regions. If no diffusion would occur, not all the FADD would 
be able to be incorporated and this would have yielded a third glass transition, viz. 
the Tg of neat FADD. That this diffusion process takes place was also concluded 
from the obtained SAXS data (Figure 6.9), which point to a morphology which 
becomes more coarse during the SSM reaction. Once all the FADD has been 
incorporated the Tg value stops increasing, showing that no significant changes to 
the morphology are taking place anymore. Hence, once the comonomer has been 
incorporated the morphology is stable, as also suggested in Chapter 5 and studied 
in more detail in Chapter 7. The glass transition temperature of the PBT-rich 
amorphous phase around 45 °C was difficult to discern because of the small 
mobile amorphous fraction. Nevertheless, in some thermograms a change in the cp 
is visible in the region of 45-50 °C, which is obviously the glass transition of a PBT-
rich amorphous phase.  
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It can be concluded that the morphology of the materials does change during the 
SSM process. The FADD, which is present in an additional phase, gradually 
diffuses into the PBT-rich amorphous phase during the reaction. By this 
mechanism, large amounts of FADD can be incorporated into the copolyester main 
chain, even in spite of the strong phase separation before the SSM reaction. This 
yields a more coarse morphology, which was evidenced by SAXS and DSC. 
 
6.4 CONCLUSIONS 
The morphologies of a series of poly(butylene terephthalate)/fatty acid dimer diol 
(FADD)-based copolyesters were analyzed. In addition, the morphology of the 
physical mixtures (prior to SSM) and the morphology development during SSM 
were analyzed by means of small-angle X-ray scattering (SAXS), transmission 
electron microscopy (TEM), solid-state 13C magic-angle spinning (MAS) nuclear 
magnetic resonance (NMR) spectroscopy, and differential scanning calorimetry 
(DSC).  
Two different models were proposed for the PBT/FADD-based copolyesters, viz. a 
two-phase model for the materials with FADD content < 20 wt% and a three-phase 
model for the materials with FADD contents ≥ 20 wt%. At low FADD content this 
model comprises of a PBT crystalline phase and a PBT-rich amorphous phase, 
whereas a clearly phase-separated FADD-rich amorphous phase was found at 
higher FADD contents. At a FADD content of 10 wt%, it was shown that the FADD 
was present in the PBT-rich amorphous phase, possibly in the interlamellar region. 
This copolyester did not show any indications for phase separation. Hence, this 
material can better be described by the proposed two-phase model. At FADD 
contents exceeding 10 wt%, a clear additional amorphous (FADD-rich) phase was 
obtained. Hence, the proposed three-phase model describes these copolyesters. 
The studied physical, non-transesterified mixtures showed a similar behavior. For 
the FADD contents ≥ 20 wt% DSC clearly showed two glass transitions, indicating 
phase separation. SAXS and TEM verified the three-phase morphology of the 
physical mixtures containing more than 10 wt% FADD. Moreover, it was proven 
using SAXS and DSC that during the SSM reaction the non-incorporated FADD 
segments must diffuse from the FADD-rich regions towards the PBT-rich 
amorphous phase. By this mechanism it was explained that, even though the 
morphology is phase separated, still large quantities of FADD could be 
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incorporated into the main chain of the copolyesters. Once the FADD was 
incorporated, the morphology did not seem to change anymore.  
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Chapter 7. Thermal and mechanical evaluation of 
poly(butylene terephthalate)/fatty acid-based 

copolyesters  
 
Abstract. Two series of poly(butylene terephthalate) (PBT)/ fatty acid dimer diol 
(FADD)-based materials were prepared by either solid-state modification (SSM) or 
melt copolymerization (M-PC). The materials prepared by M-PC showed an 
essentially random chemical microstructure up to 30 wt% of incorporated FADD, 
whereas copolyesters prepared by SSM showed a more blocky microstructure over 
the whole composition range. 
The influence of the polymerization method (and the resulting chemical 
microstructure) on the thermal properties of these materials was studied using 
differential scanning calorimetry. It was proven that the materials prepared by 
SSM showed higher melting and onset of crystallization temperatures. The long 
PBT sequences which were retained after SSM caused this difference. The soft 
phase Tg values of the materials prepared by SSM were generally lower, indicating 
a much more extensive phase separation present in these materials. An advantage 
of this phase-separated structure was that it limited the randomization of the 
chemical microstructure during prolonged residence times in the melt. To study 
the relation between the phase separation and the resistance against randomization 
in the melt, a shorter diol (i.e. 1,18-octadecanediol) was also incorporated into PBT 
by SSM. These materials did show some changes to their thermal properties after 
prolonged times in the melt. Therefore, it was concluded that the extent of phase 
separation influences the ability of a blocky copolyester material to randomize. 
The evaluation of the mechanical properties of the materials prepared by SSM 
proved that these materials were much softer, but more ductile than neat PBT. 
SSM proved to be successful in preparing ductile PBT-based copolyester with 
retained crystalline features.  
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7.1. INTRODUCTION 
The poly(butylene terephthalate) (PBT)/fatty acid dimer diol (FADD)-based 
copolyesters prepared by solid-state modification (SSM) have been shown to be 
fascinating materials. The incorporation of the FADD units into the PBT main 
chain was studied (Chapter 5) and the morphology of the resulting blocky 
copolyesters showed a strong dependence on the composition (Chapter 6). This 
chapter concludes the study of the PBT/FADD-based copolyesters prepared by 
SSM. It describes the thermal and mechanical evaluation of these copolyesters. To 
prove the advantages of SSM as described by Jansen et al.1 and Lavilla et al.2, these 
properties will be compared with data obtained from similar materials but 
prepared by melt copolymerization. Moreover, PBT was modified with 1,18-
octadecanediol using SSM to study the influence of the extent of the phase 
separation of the copolyesters on the randomization of the chemical microstructure 
in the melt. 
 
7.2. EXPERIMENTAL SECTION 
7.2.1. Materials 
Poly(butylene terephthalate) (PBT) granulate (Mn = 18 kg/mol, Mw = 47 kg/mol)  
was provided by DSM and the fatty acid dimer diol (FADD) was a gift from 
CRODA. 1,18-octadecanediol (C18-diol) was prepared by WUR-FBR via the 
hydrogenation of 1,18-dimethyloctadecanoate provided by CRODA. All these 
activities were performed within the framework of the Biobased Performance 
Materials program financed by the Dutch government. Potassium nitrate (KNO3), 
sodium nitrate (NaNO3) and sodium nitrite (NaNO2) were all obtained from 
Sigma-Aldrich. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, 99%) was obtained from 
Biosolve. Deuterated chloroform (CDCl3, 99.8 atom% D) and deuterated 
trifluoroacetic acid (TFA-d, 99 atom% D) were obtained from Cambridge Isotope 
Laboratories. All chemicals were used as received, unless denoted otherwise.  
 
7.2.2. Preparation of the PBT-based copolyesters 
The preparation of the PBT/FADD-based and the PBT/1,18-octadecanediol-based 
(In general terms: PBT/diol) physical mixtures and corresponding copolyesters has 
been described in Chapter 5 (paragraphs 5.2.2 and 5.2.3). 
A typical melt copolymerization (M-PC) reaction was performed by placing 1.5-5 g 
of the PBT/diol-based physical mixture in a cylindrical glass reactor, which was 
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connected to a mechanical overhead stirrer. The reaction vessel was flushed with 
N2 (flow rate = 2 L/min) for 30 minutes prior to the reaction. Subsequently, the 
reactor was placed in a salt bath (Tbath = 260 °C) and the physical mixtures were 
allowed to react for 6 hrs. After this time, the reactor was quenched by placing it in 
water of 80 °C. The characterization of the materials was performed on the crude 
copolyester samples. 
 
7.2.3. Characterization 
Size exclusion chromatography (SEC), proton (1H-NMR) and carbon nuclear 
magnetic resonance (13C-NMR) spectroscopy, and differential scanning calorimetry 
(DSC) were performed as described in Chapter 5. 
The isothermal and non-isothermal crystallization experiments were performed on 
a Q100 machine from TA-instruments. The isothermal crystallization experiments 
were conducted by first removing the thermal history of the samples by heating 
the sample (approx. 3 mg) up to 260 °C and keeping the sample at this temperature 
for 5 min. Subsequently, the samples were cooled to the chosen crystallization 
temperature at a cooling rate of 20 °C/min. The samples were kept at this 
temperature for a predetermined amount of time. For the non-isothermal 
crystallization experiments, the samples were first melted by heating the samples 
up to 260 °C using a heating rate of 10 °C/min. Subsequently, the samples were 
kept at 260 °C for 5 minutes and this was followed by cooling the sample using 
various cooling rates (1-10 °C/min). 
Transmission electron microscopy was performed as described in Chapter 6 using 
the method described by Montezinos et al.3 
Dynamic mechanical thermal analysis (DMTA) was performed on compression 
molded bars (with approximate dimensions of 10.7 × 5.6 × 0.9 mm) with a TA-
instruments Q800 analyzer in tension film mode at a maximum strain of 0.1% and 
a frequency of 1 Hz. The sample was heated from -80 to 250 °C at a heating rate of 
3 °C/min.  
Tensile test experiments were performed on a Zwick 100 tensile apparatus at room 
temperature with a load cell of 10 kN and a tensile rate of 5 mm/min. Samples for 
the tensile test were prepared by compression molding of the copolyesters into 
square samples of 1 mm thick. From these compression molded samples dumbbell-
shaped tensile bars were prepared.  
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7.3. RESULTS AND DISCUSSION 
7.3.1. Characterization of the PBT/FADD-based copolyesters 
Copolyesters based on poly(butylene terephthalate) (PBT) and the fatty acid dimer 
diol (FADD) were successfully prepared using solid-state modification (SSM) and 
melt copolymerization (M-PC). Both series of copolyesters were prepared from the 
same physical mixtures. The results obtained from these polymerization reactions 
are presented in Table 7.1.  
 
TABLE 7.1. Overview and results of the PBT/FADD copolyester synthesis. 

Solid-state modification 
Entry FADD content 

physical 
mixture  
(wt%) 

FADD 
content 

copolyester 
(wt%)a 

Mn  
(kg/mol)b 

Mw 

(kg/mol)b 

PDIb 

PBT 0 0  38.5 70.5 1.8 
1 5 4  38.6 81.0 2 
2 9 10  43.3 96.6 2.2 
3 20 24  65.6 129 2.0 
4 30 29  27.4 82.3 3 
5 37.5 41  39.8 134 3.4 

Melt copolymerization 
M1 5 4  51.6 97.4 1.9 
M2 9 12  37.9 77.4 2 
M3 20 24  49.7 79.7 1.7 
M4 30 34  29.2 69.0 2.4 
M5c 37.5 43  48.5 187 3.9 

a Composition of the copolyesters was determined using 1H-NMR spectroscopy; b 
Determined using size exclusion chromatography; c After M-PC a solid-state 
polycondensation step was necessary to increase the molecular weight. 
 
The copolyesters obtained after SSM and M-PC generally show somewhat higher 
FADD contents than their respective feed compositions. This tendency was already 
mentioned in Chapter 5. Materials 1 and M1 both have a slightly lower FADD 
content compared to their feed composition, but this is caused by difficulties with 
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the composition analysis using proton nuclear magnetic resonance (1H-NMR) 
spectroscopy for such low comonomer contents. 
The molecular weights of the two series of PBT/FADD-based copolyesters were 
analyzed using size exclusion chromatography (SEC). It is clear, from the data 
presented in Table 7.1, that all the obtained copolyesters are of sufficient molecular 
weights to allow a reliable thermal evaluation. The incorporation of the FADD 
residues and the removal of the 1,4-butanediol (1,4-BD) is clearly successful under 
the applied polymerization conditions. All molecular weights were determined 
using a poly(styrene) calibration sequence and have not been corrected for changes 
in the hydrodynamic volume of the materials with composition or chemical 
microstructure. Therefore, it is not possible to compare the molecular weights and 
these values are used as an indication of the molecular weights only. 
Quantitative carbon nuclear resonance (13C-NMR) spectroscopy was used to study 
the chemical microstructure of the two series of copolyesters. As described in 
Chapter 5, the sensitivity of the quaternary carbon atom can be used as a probe for 
the elucidation of the chemical microstructure (Figure 7.1).  
 
 
 

 

                          
FIGURE 7.1. The quaternary carbon atom region of the 13C-NMR spectra of 3 and 
M3 (Table 7.1). The representative structures of the four dyads are also given. 
 
In Figure 7.1, two examples of 13C-NMR spectra, one obtained after SSM and one 
after M-PC and both having similar FADD contents (viz. 24 wt%), are presented in 
addition to a graphical representation of the four possible monomer sequences 
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(dyads). Using the normalized dyads integrals and by applying the calculation 
method developed by Yamadera,4 the degree of randomness (R)-values were 
determined. When Figure 7.1 is studied, one difference is apparent: the 13C-NMR 
spectrum of the copolyester prepared by M-PC (M3) does not show a very 
pronounced resonance related to the FTF dyad (around 134 ppm), whereas the FTF 
dyad resonance is very clear in the spectrum of 3. The low intensity of this 
resonance in the spectrum of M3 suggests that relatively low amounts of FTF 
sequences are present in the backbone, indicating that the chemical microstructure 
structure is more random than in the SSM-based copolyester with similar overall 
chemical composition. An overview of the normalized integral values obtained for 
these two series of materials can be found in Figure 7.2.  
 

 
 

 
FIGURE 7.2. Normalized integral values obtained for the a) FBTB, b) FFTF and c) FBTF 
dyads of the PBT/FADD-based copolyesters prepared by SSM (■) or M-PC (○). 
 
The changes of the FBTB and FFTF as a function of FADD content are easily 
explained by the replacement of the 1,4-BD units with FADD residues within the 
polyester backbone. However, when the FBTF integral values of the SSM and M-PC 

a) b) 

c) 
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samples are compared, an interesting difference is observed. This integral value 
increases steadily with increasing FADD content for the materials prepared by M-
PC, whereas such a continuous increase is not observed for the materials prepared 
by SSM at FADD contents exceeding 10 wt%. This difference is indicative for the 
presence of longer FTF sequences within the materials prepared by SSM, i.e. a non-
random chemical microstructure. The phase separation (Chapter 6), present in 
these materials, could be the cause of this difference. As expected, this difference in 
sequence distribution translates into a strong difference in the R-values determined 
by 13C-NMR (Figure 7.3).   
 

 
FIGURE 7.3.  The overall degree of randomness (R)-values of the PBT/FADD-
based copolyesters prepared by M-PC (▲) and by SSM (■) and the R-values 
corrected for the sample crystallinity during SSM (○) (explained in Chapter 5). 

 
The differences in terms of the chemical microstructure between the two series of 
copolyesters are evident from the data presented in Figure 7.3. The R-values 
determined for the materials prepared by M-PC are in the order of unity and only 
show a decrease at FADD contents exceeding 30 wt%. Apparently, these materials 
have a more random chemical microstructure up to contents of 30 wt% of 
incorporated FADD. The materials prepared by SSM show a similar trend, but 
even at the lowest FADD contents a strong deviation from unity is observed. 
However, it needs to be stated that accurately determining the dyad integrals at 
the lowest FADD contents is difficult. Nevertheless, it is possible that even at the 
lowest contents these materials are non-random. As indicated in Chapter 5, there is 
a strong increase in blockyness as the FADD content increases. The presence of a 
phase-separated amorphous phase was shown (Chapter 6), which concomitantly 
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leads to a strong decrease of the R-values. Also in this chapter, the R-values of the 
SSM samples are corrected for the crystalline region present during SSM (and not 
participating in the transreactions), as performed in Chapter 5.2,5 When the 
corrected R-values (Rα) are considered, this non-random structure is still very 
evident. This leads to the conclusion that there is a significant difference in the 
chemical microstructure of the two series of materials.  
Using transmission electron microscopy (TEM), the morphology of the materials 
prepared by SSM was visualized (Figure 6.4 and 6.5). Since, the materials prepared 
by M-PC show a decreasing R-value above 30 wt% FADD, suggesting a similar 
phase separation as in the SSM samples, this approach was also applied here. A 
sample of M5 was studied using TEM, the sample was annealed in a similar 
fashion as the SSM samples described in Chapter 6, and the resulting TEM images 
are shown in Figure 7.4.  
 

               
FIGURE 7.4. TEM image of M5, annealed for 1 hour using DSC, at a) 0.2 µm and  
b) 100 nm scale, stained with ruthenium tetroxide. 
 
The image presented in Chapter 6 (Figure 6.5d), where material 5 was annealed, 
showed clear indications of phase separation. However, the images presented in 
Figure 7.4 do not show these features. Clearly, this material does not have the 
possibility to phase separate to such an extent as shown in Chapter 6 for material 5 
(Figure 6.5d). It is possible that the morphology exhibited by material M5 is more 
comparable to the morphology of entry 3 (Table 7.1). For both these materials 13C-
NMR indicates a non-random backbone build-up, but TEM does not show 
extensive phase separation. In paragraph 7.3.2. the morphology of M5 will be 
elucidated further using differential scanning calorimetry (DSC). 

a) b) 
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7.3.2. Thermal evaluation of the copolyesters 
The significant differences in the chemical microstructure of the two series of 
materials should yield a difference in their thermal behavior. The thermal 
properties of the two series of materials prepared by SSM (Table 7.2) and M-PC 
(Table 7.3) were studied using DSC and are summarized below. 
 
TABLE 7.2. Thermal properties of the PBT/FADD-based copolyesters prepared by 
SSM determined by DSC. 

 First heating  
run 

 Second heating 
run 

 

Entry Tg1  
(°C) 

Tm1 
(°C) 

χa  
(%) 

Tcb  
(°C) 

Tg2 
(°C) 

Tm2 
(°C) 

χa 
(%) 

ΔTc 

(°C) 

PBT 51 224 45.6 198 43 224 33.1 26 
1 47 218 50.4 193 36 222 33.0 29 
2 48 219 52.7 193 26 220 33.7 27 
3 -18 / 45d 218 56.1 190 -18 217 30.9 27 
4 -23 / 45d 217 51.2 183 -23 213 27.0 30 
5 -27 / 47d 216 44.5 189 -26 216 21.4 27 

a Calculated using 140 J/g as the heat of melting of 100% crystalline PBT, see 
reference 6; values have been corrected for the FADD content; b Tc is the onset of 
crystallization temperature; c ΔT is defined as Tm2 - Tc; d Two Tg values were 
obtained from the thermograms. 
 
The influence of the FADD content on the glass transition temperature was 
evaluated by DSC. Two glass transition temperatures, viz. a lower and higher 
temperature transition, are observed during the first heating run in the 
thermograms of the copolyesters containing more than 20 wt% FADD. The 
presence of the two glass transitions proves the phase-separated morphology 
exhibited by the materials, as discussed in Chapters 5 and 6. The higher glass 
transition, assigned to the PBT-rich amorphous phase, remains relatively constant 
when the FADD content is increased. This shows the limited miscibility which was 
already suggested in Chapter 5. The lower glass transition, from the FADD-rich 
amorphous phase, decreases when more FADD is incorporated. Clearly, this phase 
becomes more FADD-rich due to more extensive phase separation. The difference 
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in the Tg values for samples PBT, 1 and 2  between the first and second heating run 
can be explained by the lower crystallinity and the smaller rigid amorphous 
fraction (RAF) within the samples after the first heating run. The high crystallinity 
and RAF yield a more constrained amorphous phase during the first heating. 
During the second heating run of entries 3-5 only one glass transition is observed. 
It is possible that the second (higher temperature) Tg of these materials is very 
broad and therefore not well resolved by DSC. The absence of this second 
transition does not imply that the phase-separated morphology was lost during the 
first heating and cooling runs, as the morphology does not change significantly as 
a function of the residence time in the melt (vide infra). The Tg values decrease as 
function of FADD content, which indicates the more flexible nature of the phase as 
the FADD content is increased.  
Since, in theory, SSM exclusively modifies the amorphous phase of the polymers, 
no significant changes of the melting and crystallization behavior were expected. 
However, that the comonomer can also influence the crystalline regions of the 
material was shown in previous studies.2,7 The changes in the crystalline phase 
were attributed to the competition between annealing of the polymer and to the 
swelling of the amorphous phase with monomer, present in the beginning of the 
SSM process.1 The balance between these two processes is determined by the 
miscibility of the comonomer with the amorphous PBT matrix. As shown in 
Chapter 6, limited swelling of the amorphous phase occurred during the 
preparation of the PBT/FADD-based physical mixtures. Moreover, it was shown 
that no additional swelling occurred during the SSM reaction. Therefore, it is 
believed that the FADD does not have a good miscibility with the amorphous PBT 
phase, thus only small changes in the melting temperature are expected. When the 
melting behavior obtained from the first heating run is studied a slight decrease of 
the melting point with respect to pure PBT is observed. It is probable that, because 
of the presence of significant amounts of FADD and RAF, the 
melting/recrystallization process, which is known for PBT,8,9 is significantly 
hindered. The melting behavior obtained from the second heating (Figure 7.5) run 
shows a similar trend. 
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FIGURE 7.5. DSC thermograms from the second heating run of the PBT/FADD-
based copolyesters (Table 7.1) prepared by SSM. The region between 150 °C to      
250 °C is shown. 

 
The samples containing less than 24 wt% FADD now clearly show the multi-modal 
melting behavior, which is known for PBT.8,10,11 Copolyesters with higher FADD 
contents do not show this particular melting behavior. The presence of the FADD 
residues could hinder the melting-recrystallization behavior, as described above. 
Moreover, when comparing the second heating runs it is clear that there is a 
decrease in the melting point of the copolyesters with respect to the melting point 
of pure PBT. This decrease can be explained by the hindering effect of the FADD 
modified chain segments on the crystallization of the PBT from the melt, as well as 
by the shorter PBT sequences in the copolyesters, yielding thinner lamellae.  
Interestingly, for all polyesters listed in Table 7.2 there is no significant difference 
between the melting points determined from the first and second heating run. In a 
study performed by Lavilla et al.2 it was shown that the thermal properties of 
copolyesters of PBT and sugar derivatives prepared by SSM are not completely 
recovered during the second heating run. The changes in the thermal properties 
were attributed to changes in the chemical microstructure of the materials. It was 
proven that those copolyesters showed a gradual randomization of the chemical 
microstructure as a function of the time the material was kept in the melt. This 
randomization occurs by transesterification, catalyzed by the transesterification 
catalyst (present in the material and used for the SSM process) and is entropically 
favored. The more random copolyester chains have shorter crystallizable PBT 
segments which led to the formation of thinner lamellae and to a decrease of the 
melting point, crystallinity and crystallizability. Apparently, this randomization 
does not occur on a significant scale during the DSC experiments of the 
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PBT/FADD-based copolyesters. The phase-separated morphology (Chapter 6) of 
these materials most probably plays a crucial role in suppressing this 
randomization. Because of the relatively small interface between the two phases 
the randomization obviously cannot take place on a significant scale. To illustrate 
this effect, DSC and 13C-NMR were used to monitor the thermal properties and the 
chemical microstructure of 5 as a function of residence time at 245 °C and in the 
presence of a good transesterification catalyst (Figure 7.6). 
 

         
FIGURE 7.6. The a) glass transition (▲), melting point (■) and onset of 
crystallization temperature (○) and b) R-values of entry 5 (Table 7.1) as a function 
of time at 245 °C. 

 
The changes in the thermal properties (Figure 7.6a) as function of time at 245 °C 
are limited. After 20 minutes, there is a small increase of the glass transition 
temperature from  -27 °C to -21 °C indicating small changes to the composition of 
this amorphous phase, i.e. it became more PBT-rich. This small increase is caused 
by some randomization, possibly at the interface of the two amorphous phases, viz. 
the PBT- and the FADD-rich amorphous phase. The limited randomization is also 
evidenced by the 13C-NMR data (Figure 7.6b), showing a slight increase in the R-
values as function of the residence time at 245 °C. This increase is not very 
significant and the R-values remain below unity, even after 30 min. The conclusion 
that can be drawn is that only minor randomization occurs, which is further 
demonstrated by the constant Tm and Tc (Figure 7.6a). The long, neat PBT 
sequences present in the crystals, which during retained after SSM, are hardly or 
not affected by the randomization, which only takes place in the amorphous phase 
close to the interphase between the amorphous phases. Evidently, the phase-
separated morphology suppresses the randomization of the copolyester backbone. 

a) b) 
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To visualize the mentioned phase separation, 5 was melt-quenched and analyzed 
using TEM. From Figure 7.7 it can be concluded that the melt of this sample is not 
homogeneous.  
 

 
FIGURE 7.7. Transmission electron microscopy imagine of a melt-quenched 
sample of 5 (Table 7.1) at 100 nm scale, stained using ruthenium tetroxide. 

 
Directly after SSM, the samples which contain less than 40 wt% FADD show 
higher crystallinities (Table 7.2) compared to the PBT reference. It is possible that 
small amounts of FADD increase the mobility of the amorphous phase by 
plasticization. In addition, the chain scission reaction of the PBT chains result in a 
higher mobility of the chains in the amorphous phase and consequently in an 
easier annealing process. At higher FADD contents, the annealing could be 
hindered due to the presence of the non-crystallizable FADD residues. The 
crystallinity is not completely recovered during the second heating run. After the 
cooling run, the samples have not undergone such an extensive annealing period 
and therefore a lower crystallinity is obtained. Moreover, the crystallinity obtained 
from the second heating run shows a distinct decrease as a function of the FADD 
content. The presence of the non-crystallizable FADD-modified chain segments 
complicate the crystallization from the melt. This yields a lower crystallinity and it 
lowers the melting temperature, as discussed above. The hindering effect of the 
FADD residues is also evidenced by the decrease in onset of crystallization 
temperature (Tc). Nevertheless, these materials crystallize readily from the melt 
and do not show cold crystallization.  
To prove that, using SSM, copolyesters can be prepared with properties 
unattainable by conventional M-PC, these SSM copolyesters were accurately 
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compared to a series of copolyesters prepared by M-PC (Table 7.1). Their thermal 
properties were studied using DSC and an overview of those results can be found 
in Table 7.3.  
 
TABLE 7.3. Thermal properties of PBT/FADD-based copolyesters prepared by M-
PC obtained by DSC. 

 First heating  
run 

 Second heating 
run 

 

Entry Tg1  
(°C) 

Tm1  
(°C) 

χa  
(%) 

Tcb 
(°C) 

Tg2 
(°C) 

Tm2 
(°C) 

χa 
(%) 

ΔTc 

(°C) 
M1 51 222 28.3 192 34 220 31.2 28 
M2 47 220 27.6 187 28 217 29.5 30 
M3 11 / 47d 210 29.6 177 9 207 29.6 30 
M4 -4 / 47d 195 24.5 164 -5 193 23.4 29 
M5e -14 / 46d 196 34.8 158 -14 191 20.0 33 

a Calculated using 140 J/g as the heat of melting for 100% crystalline PBT, see 
reference 6; values have been corrected for the FADD content; b Tc is the onset of 
crystallization temperature; c ΔT is defined as Tm2 - Tc; d Two glass transition 
values were obtained; e solid-state polycondensation was performed on this 
sample. 
 
Also these samples do not show very significant differences in their thermal 
behavior between the first and second heating run. The Tg values show a clear 
decrease as a function of the FADD content. The addition of the FADD increases 
the flexibility of the chains significantly, as described before. During the first 
heating run two Tg values are reported for samples containing more than 20 wt% 
FADD, which indicates phase separation. There is a Tg value around 45 °C which 
indicates the presence of a PBT-rich amorphous phase and this transition is 
relatively stable. Moreover, the lower transition from the FADD-rich amorphous 
phase decreases, suggesting that the composition of the phase changes. This was 
also observed for the copolyesters prepared by SSM and was attributed to a more 
extensive phase separation. When the Tg values from M1-M3 obtained from the 
first heating run are compared to the values compared from the second heating 
run a difference is observed. Moreover, only one Tg is observed during the second 
heating run, both these phenomena were discussed above. These DSC results 
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suggest the phase separation has taken place above contents of 20 wt% during the 
M-PC. The results presented in Figure 7.3 suggest this phase separation at higher 
FADD contents, but this could be explained by the uncertainty within the results 
obtained by 13C-NMR. 
There is a definite trend obtained from the second heating run in the Tm values and 
crystallinity as a function of the FADD content. The randomly incorporated FADD 
residues make crystallization from the melt much more difficult. The shorter neat 
PBT sequences result in thinner lamella, which consequently lead to lower melting 
points. The overall crystallinity decreases because of similar reasons. The 
increasing difficultly of crystallization is also evidenced by the gradual increase of 
the ΔT values with increasing FADD content. Nevertheless, all copolyesters are 
still semi-crystalline, even at significant amounts of FADD incorporated into the 
backbone. 
The thermal properties of the materials prepared by M-PC (Table 7.3) differ 
significantly from those of the materials prepared by SSM (Table 7.2). An extensive 
comparison is given below. 
 
7.3.3. Comparison of the thermal properties 
The results obtained from the second heating run of the PBT/FADD-based 
copolyesters are compared, as during the second heating runs the thermal histories 
of these materials are similar. The glass transition temperatures obtained for the 
two series of materials are comparatively presented in Figure 7.8.  
 

 
FIGURE 7.8. Comparison of the Tg values as function of the FADD content for the 
materials prepared by (■) SSM and (○) M-PC. 
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As explained above, during second heating a single Tg value is observed for both 
SSM and M-PC samples. At low FADD contents (< 20 wt%), the Tg values of the 
SSM and the M-PC samples are comparable, even though there is a difference in 
the chemical microstructure of the copolyesters. The amount of FADD residues 
within the backbone structure is low and the materials do not show extensive 
phase separation. Since all the FADD moieties are more or less present in one 
amorphous phase, the composition of this phase does not differ too much for the 
materials prepared by M-PC or SSM. However, at FADD contents exceeding 20 
wt%, a clear difference between the two series of materials can be observed. Where 
the materials prepared by M-PC show a gradual decrease in the Tg value with 
increasing FADD content, there is a sudden drop in the Tg values for the materials 
prepared by SSM. In this composition region the materials prepared by SSM show 
the transition from the two-phase to the three-phase morphology (Figure 6.1). 
Hence, this decrease is ascribed to the formation of a clearly phase-separated 
FADD-rich amorphous phase. In view of the foregoing, the materials prepared by 
M-PC should show this transition around 30 wt%, but do not present such a strong 
tendency. The more extensive phase separation obtained after SSM compared to 
M-PC is the cause for this difference. Hence, the polymerization approach has a 
strong influence on the Tg values of the obtained materials.  
The differences in chemical microstructure (Figure 7.3) and morphology exhibited 
by the two series of PBT/FADD-based copolyesters are also expected to lead to 
significant differences in the melting and recrystallization behavior. To study these 
differences, the melting (Figure 7.9a) and onset of crystallization temperatures 
(Figure 7.9b) are plotted comparatively.  
 

 
FIGURE 7.9. a) Comparison of the Tm and b) Tc (onset) values of the copolyesters 
prepared by SSM (■) and M-PC (○). 

a) b) 
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Figure 7.9a and 7.9b prove the significant influence of the morphology on the 
melting and crystallization behavior of the copolyesters. The copolyesters which 
were prepared by SSM show higher melting and crystallization onset 
temperatures, even during the second heating run. At FADD contents below 20 
wt% the differences in melting and onset of crystallization temperature are not yet 
significant. However, at FADD contents exceeding 20 wt% these differences 
become very apparent, and a difference of almost 25 °C is observed for FADD 
contents exceeding 40 wt%. Because of the presence of long PBT sequences, which 
are retained during SSM, these materials are able to form much thicker lamella 
compared to the materials which are prepared by M-PC. A similar trend is 
observed when the onset of crystallization is studied (Figure 7.9b), most probably 
also caused by the existence of longer ‘clean’ PBT segments. In addition, the more 
randomly distributed FADD residues after M-PC hinder the crystallization form 
the melt. 
The important conclusion at this point is that by SSM copolyesters can be prepared 
with remarkable thermal properties, unattainable when conventional M-PC would 
be used as the polymerization technique. To investigate this in more detail, the 
crystallization behavior of these materials was studied. 
 
7.3.4. Crystallization of the PBT/FADD-based copolyesters 
The isothermal and non-isothermal crystallization behavior of the two series of 
PBT/FADD-based copolyesters was studied. To evaluate the isothermal 
crystallization behavior, the Avrami method was used. The Avrami approach 
relates the relative crystallinity (X(t)) at time t to the crystallinity at time t ∞ and 
uses the following equations:12–15 
 

𝑋(𝑡) = 1 − 𝑒𝑥𝑝(−𝐾𝑐𝑟𝑡𝑛)                                  𝑒𝑞. 1 
  
where Kcr is the isothermal crystallization rate constant, t is the crystallization time 
interval and n is the Avrami parameter, which is related to the nucleation and 
growth mechanism. This equation is plotted in a double logarithmic manner to 
yield a linear relation, which is described with: 
 

ln�− ln�1− 𝑋(𝑡)�� = 𝑛 ln 𝑡 + ln𝐾𝑐𝑟          𝑒𝑞. 2 
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From this linear relation the n and Kcr are determined. The crystallization data 
were obtained from the interval between 10% and 50% of the attainable 
crystallinity in order to avoid start up effects and the influence of secondary 
crystallization. The results of these calculations are shown in Table 7.4. 
 
TABLE 7.4. Results from the isothermal crystallization experiments of various 
PBT/FADD-based copolyesters prepared by SSM or M-PC. 

Entry Tc (°C) t1/2 (min) n Kcr (min-n) 

PBT 
212  29.3 3.0 3.0 * 10-5 

210 13.2 3.0 2.8 * 10-4 

208 6.3 2.8 2.3 * 10-3 

2 
210 62.9 2.5 2.3 * 10-5 

208 31.6 2.3 2.9 * 10-4 

206 25.7 2.3 3.7 * 10-4 

3 
204 44.1 2.1 3.1 * 10-4 

202 22.9 2.1 1.0 * 10-3 
200 16.4 2.0 2.7 * 10-3 

5 
202 8.90 1.8 1.7 * 10-2 

200 7.18 1.8 1.9 * 10-2 

198 4.95 1.9 3.5 * 10-2 

M2 
206 40.7 2.6 5.1 * 10-5 

204 21.6 2.5 3.0 * 10-4 

202 11.9 2.5 2.1 * 10-3 

M3 
198 53.8 2.2 1.3 * 10-4 

196 30.7 2.2 3.9 * 10-4  
194 18.5 2.0 1.8 * 10-3 

M5 
174 6.66 1.6 3.5 * 10-2 

172 3.85 1.7 5.8 * 10-2  
170 2.95 1.9 8.2 * 10-2 

 
Technical limitations of the DSC machine precluded the use of similar 
undercoolings. A large signal originating from the DSC system overlapped with 
some of the crystallization exotherms, limiting the temperature window. 
Moreover, these materials do not crystallize at the same undercoolings, making a 
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reliable scientific comparison very difficult. Nevertheless, some general 
observations can be made from the presented data. Using the data between the 
10% and 50% of the crystallinity proved to be a successful approach. Only primary 
crystallization was occurring during this chosen interval, which is evidenced by 
the linear relationship found in the double logarithmic plots (Figure 7.10). 
 

 
FIGURE 7.10. Examples of the isothermal crystallization of pure PBT at the three 
different crystallization temperatures plotted in the double logarithmic way. 
 
Generally, the t1/2 values decrease with decreasing crystallization temperature, 
indicating a faster crystallization process. This is also evidenced by the increase in 
the Kcr values when the undercooling is increased. The values of the Avrami 
parameter (n) are found to be in the range between 2-3. PBT shows a value of n = 3, 
which corresponds to heterogeneous nucleation followed by three-dimensional 
spherulitic growth. The n values decrease towards 1.5 with decreasing 
crystallization temperature and also as function of FADD content. The decrease of 
n as a function of the crystallization temperature can be explained by the fact that 
at lower crystallization temperature the spherulites will impinge on each other 
within a shorter timeframe. Therefore, the three-dimensional crystal growth is 
hindered by the presence of the other crystalline super-structures. The n values in 
the order of 2.7-2.3 indicate a complex spherulitic and axialitic growth process. 
Values obtained for entries 5 and M5 are below two, which could indicate a more 
hindered crystal growth. The analysis of the M5 sample was difficult because of 
the very poor crystallizability of this material. The decrease of the n value with 
increasing comonomer content can be explained by the hindering effect of the 
comonomer on the crystallization process. The presence of this non-crystallizable 
comonomer prevents the three-dimensional crystal growth and this is clear from 
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the decrease in n values. Interestingly, entry 5 seems to crystallize more readily 
compared to entries 2 and 3. The strongly phase-separated morphology does 
preclude the three-dimensional growth, but could also yield a less hindered 
crystallization, because most of the comonomer residues are located in the FADD-
rich amorphous phase. It is clear from these isothermal crystallization experiments 
that in both series of materials the presence of the FADD influences the nucleation 
and growth mechanism. Although a reliable comparison of the various 
copolyesters is virtually impossible, it seems that the blocky copolymers (prepared 
by SSM) crystallize faster from the melt compared to the more random 
copolyesters (prepared by M-PC). 
Since in industry, isothermal crystallization of polymers is rare and non-isothermal 
crystallization (i.e. after injection molding for example) is more common, the non-
isothermal crystallization process was also evaluated for both the SSM and the MP 
copolyesters. The results of the non-isothermal crystallization experiments are 
presented in Figure 7.11. 
 

        
 

FIGURE 7.11.  a) Onset of crystallization (Tc) and b) ΔT-values of PBT (■), 2 (●), 5 
(♦), M2 (○) and M5 (◊) evaluated at various cooling rates.  

 
It is clear from the data presented in Figure 7.11 that there are some differences in 
the non-isothermal crystallization behavior of the PBT-based materials as a 
function of the FADD content. In addition, there is a clear difference between the 
materials prepared by SSM and M-PC. So, the chemical microstructure has a 
profound influence on the non-isothermal crystallization behavior. PBT, 2, 5 and 
M2 show similar results, although it is clear that the order of crystallizability can 
be described as PBT > 2 > 5 = M2. Interestingly, the incorporation of 10 wt% of 

a) b) 
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FADD via M-PC yields similar crystallization results as the incorporation of even 
the highest FADD contents (41 wt%) when incorporated via SSM. A different 
behavior is observed for the material M5 (Table 7.1). This is obviously caused by 
the much shorter PBT segments present in the backbone of the copolyesters when 
prepared by M-PC. The above described differences are corroborated when the ΔT 
values (Figure 7.11b) of the two series of copolyesters are studied. The materials 
prepared by SSM show lower ΔT values compared to their counterparts prepared 
by M-PC, proving that the materials prepared by SSM crystallize much more 
readily from the melt. 
Considering the presented data, it is possible to conclude that by using SSM as 
polymerization technique it is possible to prepare PBT-based copolyesters with 
retained crystallization behavior.  
 
7.3.5. Limited mechanical evaluation of the PBT-based copolyesters 
The copolyesters which were prepared by SSM were subjected to a limited 
mechanical evaluation. Samples of neat PBT (Entry PBT, Table 7.1) and the 
copolyesters containing 10 wt% (Entry 2, Table 7.1) and 41 wt% (Entry 5, Table 7.1) 
of FADD were compression molded into square specimens and test samples for 
dynamic mechanical thermal analysis (DMTA) and tensile testing were prepared. 
Figure 7.12 comparatively presents the storage and loss modulus obtained from 
the DMTA experiments. 
 

 
FIGURE 7.12. a) The storage and b) loss modulus of PBT and the PBT-based 
copolyesters 2 and 5 (Table 7.1) determined by DMTA. 
 

a) b) 
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Clearly, PBT shows one transition in the 50 °C region and this corresponds with 
the Tg of PBT. The signal shows a small shoulder, which could not be explained. 
Interestingly, both the copolyester traces show two transitions which could be 
ascribed to Tg values. For 2 (Table 7.1) this is unexpected because DSC only shows 
one transition. It is probable that the amorphous phase even at these lower FADD 
contents is not completely homogenous. Areas richer in FADD could be present 
and these would show a different segmental mobility to the more restricted 
unmodified amorphous PBT. It is possible that the scale at which this has taken 
place is too small for an accurate determination by either DSC or TEM. Hence, 
there are inhomogeneities within the amorphous phase of 2, but if this material 
should be described by the three-phase morphology is debatable. Material 5 clearly 
shows the two transitions, as observed from DSC, which were expected from this 
strongly phase-separated material. At higher temperatures (Figure 7.7a) no rubber 
plateau is observable, hence no network is formed by the phase-separated FADD 
regions. In addition to the DMTA results, these materials were studied using 
tensile experiments. In Figure 7.13, an overview of the results of the tensile 
experiments is presented.  
 

 
FIGURE 7.13. Tensile test data of PBT (-), PB90F10T (--) and PB59F41T (··) at room 
temperature obtained with a drawing rate of 5 mm/min.  

 
PBT is known to be relatively brittle and this can be concluded from the relatively 
low strain at break, without a yield point or strain hardening. When 10 wt% of 
FADD is incorporated, the material seems to be less stiff (lower E-modulus) and 
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the strain at break is in the order of 8-9%. The first 1% of strain shows a less steep 
slope, which is caused by the straightening of the sample within the holder. When 
the behavior of PB59F41T is studied, a significant difference is observed in both the 
stiffness and in the elongation at break of the sample. The E-modulus shows a 
strong decrease compared to the other two PBT-based copolyesters. This implies 
that the material is less stiff, for which several reasons can be mentioned. The 
presence of significant amounts of FADD could be causing this strong decrease. In 
addition, the crystallinity of PB59F41T is much lower compared to other two 
samples, partially explaining the significant difference. Moreover, imperfections 
(voids) within the evaluated samples could have aided in the significant decrease 
in stiffness. Besides the decrease in the E-modulus, there is a strong increase of the 
strain at break when the amount of FADD within the backbone is increased. When 
the FADD content is increased to 41 wt%, the materials show a strain at break as 
high as 20%. No yield point is observed, but the observed plateau for some of these 
samples does indicate possible strain hardening. A more homogeneous 
deformation of the tensile bar was observed. However, due to the poor sample 
quality there is a relatively large spread on the results. Nevertheless, the trend is 
clear, the materials becomes softer and show a higher strain at break. 
 
7.3.6. Copolyesters containing 1,18-octadecanediol prepared by SSM 
In addition to FADD, 1,18-octadecanediol (C18-diol) was incorporated into the 
backbone of PBT using SSM. The aim of incorporating a shorter diol was to study 
the influence of the diol component on the chemical microstructure and the 
(possibly phase-separated) morphology of the copolyesters.  
The incorporation of the C18-diol was achieved using the method which was 
described in Chapter 5. However, the nitrogen flow was decreased to 1 L/min to 
prevent the elimination of the comonomer from the reaction mixture. The reaction 
temperature was kept at 180 °C and the reactions were conducted for 3 hours. Four 
physical mixtures containing 4, 8, 12 and 16 mol% C18-diol were prepared using 
the previously described (Chapter 5) common solvent technique. These molar 
percentages correspond to 7, 13, 19 and 26 wt% of the C18-diol. Incorporating 
higher amounts of C18-diol proved to be difficult, due to extensive volatilization of 
the diol. The incorporation process was evaluated using SEC and 1H-NMR 
spectroscopy (Table 7.5).  
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TABLE 7.5. Overview and results of the PBT/C18-based copolyesters prepared by 
SSM. 
Entry Initial 

composition 
(mol%)a 

Final 
composition 

(mol%)a 

Mn 

(kg/mol)b 

Mw 

(kg/mol)b 

PDIb R Rαc 

6 96:4 97:3 35.1 65.6 1.9 1.0 1.0 
7 92:8 93:7 31.7 79.5 2.5 0.9 1.0 
8 88:12 91:9 48.3 95.0 2 0.9 1.0 
9 83:17 84:16 45.8 92.5 2 0.60 0.8 

a Composition determined by 1H-NMR spectroscopy; b Determined using size 
exclusion chromatography; c Corrected for the crystalline phase. 

 
The expected molecular weight trend during SSM was observed for the 
copolyesters (first decrease by chain scission followed by an increase by post-
condensation) and this trend has been elaborated on in Chapter 5 (Figure 5.3). 
Moreover, the comonomer incorporation was verified by 1H-NMR spectroscopy 
and from these spectra the overall chemical composition of the materials was 
determined. From the data presented in the Table 7.5 it is clear that the 
incorporation was successful, with only minor volatilization of the C18-diol. This is 
a result of the lower gas flow used during these reactions, which minimized the 
volatilization of the comonomer. The partial evaporation of the C18-diol was 
corroborated by the observation of a white solid in the top of the SSM reactor. The 
molecular weights of the materials were determined to be above 30 kg/mol. 
The chemical microstructure of the copolyesters was studied by 13C-NMR using the 
method which was described in paragraphs 5.3.2. and 7.3.1. The copolyesters are 
random up to 16 mol% of the diol, suggested by the R-values in the order of 0.9 
(Table 7.5). After correction for the crystalline fraction these are in the order of 
unity and hence the chemical microstructure of the amorphous phase is considered 
to be random. Only at C18 contents exceeding 10 mol%, the R-value starts to 
decrease towards 0.6. The less bulky C18-diol does not phase separate as 
extensively from the PBT as the FADD does, thus more random copolyesters are 
obtained after the SSM reaction. Nevertheless, at the highest C18 content the diol 
starts to phase separate from the PBT-rich matrix. Hence, by playing with the 
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molecular architecture of the comonomer, the extent of phase separation between 
the compounds can be tuned. However, there is one limitation to this approach, 
viz. the volatility of the comonomer. For example, 1,10-decanediol or 1,12-
dodecanediol cannot be incorporated using this approach because these diols are 
removed from the reactor within one hour, even at lowered N2 flow rates. The 
incorporation of less volatile diols, which have a better affinity for the PBT, were 
reported in literature.2,7  
In Chapter 6, it was shown that TEM is a very powerful tool to elucidate the 
morphology of phase-separated copolyesters. Therefore, in order to visualize the 
morphology of the obtained PBT/C18-diol-based copolyesters, TEM was used 
(Figure 7.14).  
 

              
FIGURE 7.14. TEM images obtained for entry 9 (Table 7.5) a) as obtained from the 
reactor and b) annealed using the method described in Chapter 6. 

 
The TEM analysis of these copolyesters revealed some interesting, but unexpected 
results. The phase separation is evident when entry 9 (Table 7.5) obtained directly 
after the SSM reaction is analyzed. Darker regions represent the C18-rich 
amorphous phase. Interestingly, the contrast between the crystalline and 
interlamellar amorphous phase is rather low. The contrast between these phases 
was much better when FADD was incorporated (Figure 6.4). The C18-diol is less 
readily oxidized by ruthenium tetroxide, which causes the staining. It is known 
that alkenes are readily oxidized by ruthenium tetroxide and this leads to the 
contrast.16 Contrary to the molecular structure of the C18-diol, FADD probably 
contains residual double bonds which can be oxidized and therefore stained.  After 
annealing of the C18-diol-based material (Figure 7.14b) the phase separation has 
become less evident. However, the contrast between the crystalline and 

a) b) 
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amorphous regions has increased. The presence of more C18-diol in the 
interlamellar space and less of this diol in the phase-separated amorphous phase 
(i.e. randomization) caused this change. This result suggests that the PBT/C18-
based materials do show some randomization and this will be discussed below.  
The differences in the chemical microstructure between the two series of 
copolyesters were addressed above (Table 7.5). The strong phase separation 
present in the FADD-based copolyesters yielded materials which hardly 
randomized in the melt (Figure 7.6). The aim of incorporating the C18-diol was to 
decrease the extent of phase separation, which was evidenced by 13C-NMR and 
TEM. The question is if this has led to a difference in stability of the thermal 
properties. A comparative overview of the thermal properties of the PBT/FADD 
(Entry 5, Table 7.1) and PBT/C18-based (Entry 9, Table 7.5) copolyesters as function 
of the time in the melt is given in Figure 7.15. 
 

    
FIGURE 7.15. a) Glass transition temperature and b) melting temperature of 
entries 5 (FADD-based, Table 7.1) (■) and 9 (C18 diol-based, Table 7.5) (○) as a 
function of time at 245 °C. 

 
From Figure 7.15 differences in the behavior of the two series of copolyesters are 
evident, but these are mainly observed for the melting behavior (Figure 7.15b). 
Both materials show a slow increase of the Tg value over time in the melt, 
indicating a change of the phase composition. This increase is larger for the C18-
based copolyesters, suggesting a faster or more extensive randomization. 
Interestingly, the melting temperature of entry 9 starts to decrease strongly after 30 
minutes in the melt, contrary to the extremely stable FADD counterpart. The long 
crystallizable PBT segments are becoming shorter due to the randomization 

a) b) 
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reaction. Evidently, the lower extent of phase separation yields a less stable 
morphology and chain microstructure. That the decrease in melting temperature is 
not caused by the degradation of the polymer backbone was verified using SEC, 
which proved no significant changes in the molecular weight of entry 9 during the 
DSC experiments. To study the influence of the catalyst in this process, the 
titanium-based catalyst was deactivated using triphenyl phosphate (TPP). The 
deactivating effect of phosphates on titanium-based catalysts has been reported in 
literature.17 After the addition of the TPP, no changes in the thermal properties 
were observed after 30 minutes at 245 °C. The use of such a catalyst deactivating 
compound could therefore be useful for the processing of these materials.  
 
7.4. CONCLUSIONS 
Two series of poly(butylene terephthalate) (PBT)/fatty acid dimer diol (FADD)-
based copolyesters were prepared using either solid-state modification (SSM) or 
melt copolymerization (M-PC). The chemical microstructure of the materials 
prepared by M-PC proved to be random up to ca. 30 wt% of incorporated FADD, 
whereas for higher FADD contents the structure became less random. On the 
contrary, all the materials prepared by SSM showed a non-random, blocky 
chemical microstructure. 
The materials prepared by SSM showed retained melting and onset of 
crystallization temperatures even at high comonomer contents, whereas the 
materials prepared by M-PC showed a strong decrease in these values, even for 
relatively low amounts of incorporated FADD. Long PBT sequences were retained 
during the SSM reaction and this resulted in only limited changes to the melting 
and crystallization behavior of the copolyesters prepared by SSM. The Tg values 
determined for the materials prepared by M-PC where higher than the values 
obtained from the copolyesters prepared by SSM. Differences in the morphology 
and composition of the amorphous phase(s) caused this difference. 
The chemical microstructure of the materials prepared by SSM did show some 
limited randomization in the melt at 245 °C, but the randomization was largely 
prevented by the presence of the phase-separated morphology. A series of 
PBT/C18-diol-based copolyesters was prepared to study the influence of the (phase-
separated) morphology on the randomization. These materials were less phase 
separated and consequently did show randomization after prolonged times in the 
melt. 
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Using SSM as a polymerization method clearly yields materials which show 
unique properties which are unattainable by using M-PC. 
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Chapter 8. Partially renewable copolyesters from 
acetalized D-glucitol and PBT prepared by solid-state 

modification 
 

Abstract. The backbone of poly(butylene terephthalate) (PBT) was modified with 
2,4:3,5-di-O-methylene-D-glucitol (Glux) using solid-state modification (SSM). 
The obtained copolyesters proved to have a non-random overall chemical 
microstructure. The thermal properties of these semi-crystalline, block-like, Glux-
based materials were extraordinary, showing higher melting points and glass 
transition temperatures compared to other sugar-based copolyesters prepared by 
SSM. These remarkable thermal properties were a direct result of the inherently 
rigid structure of Glux and the relatively slow randomization of the block-like 
Glux-based copolyesters in the melt.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
This work has been published as: E. Gubbels, C. Lavilla, A. Martínez de 
Ilarduya, B.A.J. Noordover, C.E. Koning, S. Muñoz-Guerra, J. Polym. Sci. Part A: 
Polym. Chem. 2014, 52, 164-177. 
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8.1. INTRODUCTION  
In Chapters 5-7, the solid-state modification (SSM) of poly(butylene terephthalate 
(PBT) with a bio-based fatty acid dimer diol (FADD) or with 1,18-octadecanediol 
(C18-diol) was presented. The incorporation of the flexible FADD led to a 
significant decrease in the Tg value of the copolyesters, but the crystallization 
properties were retained. To make PBT applicable for more thermally demanding 
applications, an increase in the Tg values is desired. Therefore, a more rigid 
comonomer should be incorporated into the backbone of PBT. The main 
requirement we defined for this comonomer was that it should be from bio-based 
origin. Therefore, the choice was made to incorporate a carbohydrate-based 
bicyclic diol into the backbone of PBT using SSM. 
The carbohydrate-based bicyclic monomers have been successfully applied in 
various semi-aromatic copolyester materials with enhanced Tg values.1–3 As stated 
in the introduction, two classes of carbohydrate-based, bicyclic diols can be 
distinguished based on their preparation method. This chapter concerns the 
bicyclic diols which are obtained by internal acetylation and the 1,4:3,6-
dianhydrohexitol isosorbide is mentioned for comparison. In polyester synthesis 
three bicyclic diols prepared by internal acetylation are known, viz. 2,4:3,5-di-O-
methylene-D-glucitol (Glux), 2,4:3,5-di-O-methylene-D-mannitol (Manx) and 
2,3:4,5-di-O-methylene-galactitol (Galx) (Scheme 3).3 By melt copolymerization as 
well as solid-state modification (SSM) Lavilla et al. have shown in many of their 
studies that Galx and Manx are very versatile monomers in polyester synthesis.4–6 
Moreover, Japu et al. have successfully applied Glux in the preparation of semi-
aromatic copolyesters with remarkable thermal properties.7,8 The diol Glux is 
prepared from the commercially available 1,5-D-gluconolactone by a three-step 
synthetic process.9 The obtained diol has no symmetry centers and, as a 
consequence of the stereochemistry around the functional groups, the two 
hydroxyl groups should have different reactivities.  
Within the framework of this chapter, a series of PBT/Glux-based copolyesters was 
prepared by SSM. The incorporation and chemical microstructure were proven 
and the resulting thermal properties of these materials were studied and compared 
with other PBT-based copolyester systems which were prepared by SSM. 
Interestingly, the non-symmetrical structure of the comonomer used in this chapter 
has a significant influence on the final performance of the obtained materials. 
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8.2. EXPERIMENTAL SECTION 
8.2.1. Materials 
2,4:3,5-di-O-methylene-D-glucitol (Glux) was prepared by acetalization of 1,5-D-
gluconolactone with paraformaldehyde, followed by esterification with methanol 
and subsequent reduction as described elsewere.9 PBT was a kind gift from DSM. 
Benzoyl chloride, dimethyl terephthalate (DMT, 99+%) and  dibutyl tin oxide 
(DBTO, 98%) were purchased from Sigma-Aldrich. Deuterated chloroform (CDCl3, 
99.8% atom D) and deuterated trifluoroacetic acid (TFA-d, 99% atom D) were 
obtained from Cambridge Isotope Laboratories. Solvents used for purification and 
characterization were purchased from Biosolve and they were of either technical or 
high-purity grade. All chemicals were used as received unless stated otherwise. 
 
8.2.2. The solution preparation of the physical PBT/Glux mixtures  
Physical mixtures of PBT and 2,4:3,5-di-O-methylene-D-glucitol (Glux) were 
prepared from solution, using a common solvent approach as described in Chapter 
5 with the following adjustments. Prior to the preparation of these mixtures, the 
PBT was dissolved in a 3:1 (v:v) mixture of chloroform and 1,1,1,3,3,3-
hexafluorisopropanol (HFIP) and precipitated in an excess of ethanol in order to 
remove any titanium-based catalyst residues. To the predetermined amounts of 
PBT and Glux, the transesterification catalyst dibutyl tin oxide (DBTO, 0.36% 
molar with respect to PBT) was added and all these components were dissolved in 
HFIP. 
 
8.2.3. Solid-state modification  
The solid-state modification of PBT was performed in a reactor as described in 
Chapter 5. However, adjustments to the reaction conditions were made. All 
described reactions were left to proceed at 160 °C for 6 h and at 170 °C for 15 h 
under a 0.5 L/min nitrogen flow, and at 175 °C for 24 h under a 1 L/min nitrogen 
flow. After completion of the reaction, the reactor was gradually cooled down to 
room temperature by removing the heat source from the reactor and by continuing 
the purging of the reactor with nitrogen.  
 
8.2.4. Synthesis of a Glux-derived model compound and reactivity studies 
Synthesis of 1,6-di-O-benzoyl-2,4:3,5-di-O-methylene-D-glucitol. A mixture of 1.7 g of 
benzoyl chloride (12.1 mmol) and 1.0 g (4.9 mmol) of 2,4:3,5-di-O-methylene-D-
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glucitol in dry pyridine (20 mL) was refluxed at 80 °C for 30 minutes. After cooling 
down, the benzoic acid was filtered off. Na2CO3 was added to the remaining 
solution until 1,6-di-O-benzoyl-2,4:3,5-di-O-methylene-D-glucitol precipitated, 
which was filtered and washed with water and diethyl ether. 
Reaction of 2,4:3,5-di-O-methylene-D-glucitol with TFA-d. 2,4:3,5-di-O-methylene-D-
glucitol (20 mg) was placed in an NMR tube containing 1 mL of TFA-d. The 
reaction was carried out at 25 °C and was followed by carbon nuclear resonance 
(13C-NMR) spectroscopy. 
Reaction of 2,4:3,5-di-O-methylene-D-glucitol with dimethyl terephthalate (DMT). The 
reaction was performed in a three-necked, cylindrical-bottom flask equipped with 
a mechanical stirrer, a nitrogen inlet and a distillation outlet. A 2:1 molar excess of 
2,4:3,5-di-O-methylene-D-glucitol with respect to DMT (2:1) was used, and dibutyl 
tin oxide (DBTO, 0.36% molar respect to DMT) was the catalyst of choice. The 
apparatus was purged with nitrogen at room temperature in order to remove any 
traces of air. The transesterification reaction was carried out under a low nitrogen 
flow at 160 °C, and was followed by 13C-NMR spectroscopy. 
 
8.2.5. Characterization 
Proton nuclear resonance (1H-NMR) and carbon nuclear resonance (13C-NMR) 
spectra were recorded on a Bruker AMX-300 spectrometer at 25.0 °C operating at 
300.1 and 75.5 MHz, respectively. Samples were dissolved in a mixture of CDCl3: 
TFA-d (9:1, v:v), and spectra were internally referenced to tetramethylsilane (TMS). 
About 10 and 50 mg of sample were dissolved in 1 mL of the solvent mixture and 
were used for 1H- and 13C-NMR, respectively. Sixty-four scans were acquired 
for 1H and 1,000-10,000 for 13C with 32 and 64-K data points as well as relaxation 
delays of 1 and 2 s, respectively.  
2D 1H-1H homonuclear (COSY) and 13C-1H heteronuclear shift correlation 
(HETCOR) spectra were respectively recorded by means of the cosy and hxco pulse 
sequences implemented in the Bruker NMR instrument package.  
For the conformational studies, 1H NMR spectra were recorded within the 60 to -60 
°C temperature range in the NMR spectrometer equipped with a variable-
temperature unit. Temperatures were selected at 20 °C intervals. For each 
temperature the sample was held at that temperature for 10 min to reach thermal 
equilibrium. 2D NOE spectra (NOESY) were recorded at a fixed temperature (T = 
298.1 K) with a standard pulse sequence (noesytp) with a mixing time of 2 s over a 
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sweep width of 1397 Hz using 2048 data points in the t2 dimension and 256 
increments in the t1 dimension. The repetition delay was 2 s, and 256 scans were 
collected for each t1 increment. 1H-NMR simulated spectra were obtained with 
SpinWorks 3.1.8 program (Kirk Marat, University of Manitoba). 
Size-exclusion chromatography (SEC) was performed on a system equipped with a 
Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector 
working at 40 °C, a Waters 2707 autosampler, and a PSS PFG guard column 
followed by a 2PFG-linear-XL (7 μm, 8·300 mm) columns in series at 40 °C. HFIP 
with potassium trifluoroacetate (3 g/L) was used as eluent at a flow rate of 0.8 
mL/min. The molecular weights were calculated against poly(methyl 
methacrylate) standards (Polymer Laboratories, Mp= 580 g/mol up to Mp= 7.1·106 
g/mol).  
Differential scanning calorimetry (DSC) was performed using a DSC Q100 from 
TA-instruments. DSC data were obtained from 4 to 6 mg samples at 
heating/cooling rates of 10 °C/min under a nitrogen flow. Indium was used as 
standard for temperature and enthalpy calibration. The glass transition 
temperatures were determined from the third heating run at a heating rate of 20 
°C/min.  
Thermogravimetric analyses (TGA) of the polymers were performed under a 
nitrogen flow at a heating rate of 10 °C/min, within a temperature range of 25 to 
600 °C, using a TA Q500. Sample weights of about 5 mg were used in these 
experiments. TGA of the monomers was performed isothermally at 160 °C for 6 
hours under a nitrogen flow, and the volatiles were analyzed by 1H-NMR. Sample 
weights of about 15 mg were used in these experiments.  
Wide-angle X-ray diffraction (WAXD) measurements were performed as described 
in Chapter 5. 
 
8.3. RESULTS AND DISCUSSION 
8.3.1. Conformational study of 2,4:3,5-di-O-methylene-D-glucitol  
In order to determine the preferred conformation of the 2,4:3,5-di-O-methylene-D-
glucitol (Glux) unit, and to study the possible differences of the Glux monomer 
with respect to its diastereoisomer 2,4:3,5-di-O-methylene-D-mannitol (Manx) in 
terms of reactivity, a conformational analysis of 1,6-di-O-benzoyl-2,4:3,5-di-O-
methylene-D-glucitol was performed. This diester is thought to be an adequate 
model compound for the PBT/Glux-based copolyesters. In principle, fused six-
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membered bicyclic acetals could assume two conformations containing a cis 
junction, one being referred to as ‘O-inside’ (I) and another being referred to as ‘H-
inside’ (II),10,11 which are depicted in Scheme 8.1 for the Glux unit.  
 

 
SCHEME 8.1. Two possible conformations of the Glux unit. I: ‘O-inside’; II: ‘H-
inside’. The torsional angles ω, ψ and Φ are indicated. 
 
To assess the relative preference of Glux for one of these two conformations, a 
variable temperature proton nuclear magnetic resonance (1H-NMR) spectroscopic 
study was carried out in the -60 to 60 °C range. In addition to this study, a nuclear 
Overhauser effect (2D NOESY) spectrum was recorded at room temperature. 
When both conformers I and II are present, two signals for each proton should 
appear in the 1H-NMR spectra at low temperatures. Since under those 
experimental conditions no interconversion is expected to take place, both 
conformations would be observed if present. However, only single proton signals 
are observed over the whole temperature range and the only detected change is an 
upfield shift of the signals with heating (Figure 8.1).  
 

 
FIGURE 8.1. 1H-NMR spectra of 1,6-di-O-benzoyl-2,4:3,5-di-O-methylene-D-
glucitol in CDCl3 at the indicated temperatures, including the assignment of the 
signals corresponding to the indications in Scheme 1. 
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It can be concluded that no conformational interconversion occurred and that only 
one conformer was present over the whole range of temperatures. The analysis of 
the coupling constants obtained from the 1H-NMR spectra indicates that conformer 
I is the preferred conformation for Glux. This was already suggested by Mills11 and 
Bourne et al.,12 based on reasons related to the steric hindrance between the protons 
and the R1 group. In fact, the spin-spin coupling constants for this system (Figure 
8.2) provided by NMR spin simulation (SpinWorks 3) are: 
 

 
FIGURE 8.2. Real (bottom) and simulated (top) 1H-NMR spectra in CDCl3 at 20 °C 
of 1,6-di-O-benzoyl-2,4:3,5-di-O-methylene-D-glucitol in the corresponding region 
showing the methylene protons. 
 
Applying these coupling constants to the Karplus equation derived for alditols,13,14 
the torsional angles ω, ψ and Φ, indicated in Scheme 8.1, could be estimated. The 
ω, ψ and Φ values resulting from this estimation are 69°, 70° and 72°, respectively. 
In the case that conformer II was the preferred one, characterized by Φ= 180°, the 
J45 value would be around 9 Hz. 
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FIGURE 8.3. NOESY spectrum of 1,6-di-O-benzoyl-2,4:3,5-di-O-methylene-D-
glucitol in CDCl3 at 25 °C with assigned NOE peaks. R1, R6: CH2OCOPh. 
 
The identification of conformer I, being the preferred conformation of the Glux 
residues, is supported by data obtained from 2D NOESY experiments (Figure 8.3). 
As expected for conformation I, strong NOE peaks are observed for 4H 
with 2H, 3H, 5H and one of the acetal methylene protons. However, in 
conformation II 4H would only be in the immediate vicinity of 3H, thus this NOE 
peak would be the only one that could be detected for 4H, which is not the case. 
The valuable conclusion which can be derived from this conformational study is 
that Glux is present in conformation I (‘O-inside’, Scheme 8.1) and that the two R-
groups (e.g. methylol group in the Glux monomer) have different orientations in 
this conformation, viz. one axially- (R6) and one equatorially-oriented (R1) 
functional group. 
 

 
SCHEME 8.2. Preferred conformation of the Glux and Manx units.4 
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For comparison, the preferred conformation of Manx4 is depicted in Scheme 8.2. 
The Manx monomer has a c2 symmetry and, in contrast to Glux, its preferred 
conformation is the ‘H-inside’ with two equatorially oriented hydroxyl groups. 
This difference in the orientation of the functional groups could lead to a difference 
in their reactivity. Reactivity differences between the two reactive groups of 
several Glux derivatives have been reported in the literature. One chlorine atom in 
1,6-dichloro-1,6-dideoxy-2,4:3,5-di-O-methylene-D-glucitol was more reactive than 
the other in the replacement by iodine or in elimination by treatment with metallic 
sodium.15 Also one bromine atom in 1,6-dibromo-1,6-dideoxy-2,4:3,5-di-O-
benzylidene-D-glucitol was more readily replaced by iodine than the other.16 In 
order to study if during a polycondensation reaction a reactivity difference could 
be detected, Glux was esterified using deuterated trifluoroacetic acid (TFA-d) 
(Figure 8.4) or transesterified using dimethyl terephthalate (DMT) (Figure 8.5), and 
the reactions were followed by carbon nuclear resonance (13C-NMR) spectroscopy. 
Illustrative spectra are presented in Figures 8.4 and 8.5, which show a clear 
difference in the reactivity of the two hydroxyl groups of Glux in such reactions.  

 
FIGURE 8.4. 13C-NMR spectra of the in situ reaction of Glux with TFA-d at 25 °C in 
the region of acetal methylene marked with arrows. 
 
In the esterification with TFA-d at 25 °C, the equatorial hydroxyl group (R1) 
reacted more readily than the axial one (R6), the reactivity ratio (axial:equatorial) 
being 1:1.7.   
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FIGURE 8.5. 13C-NMR spectrum of the reaction product of Glux with DMT (2:1) at 
160 °C in the methylene region. 
 
The reaction of Glux with DMT at 160 °C showed a similar result: the equatorial 
hydroxyl group was transesterified more readily, although the reactivity ratio 
(axial:equatorial) was only 1:1.2 in this case. These two model experiments prove 
that the equatorially oriented hydroxyl groups are more reactive than the axially 
oriented ones in (trans)esterification reactions. Since Manx has two more reactive 
equatorially oriented hydroxyl groups, it is expected that the incorporation of Glux 
into the PBT backbone will take more time compared to Manx.  
 
8.3.2. Synthesis of PBT/Glux-based copolyesters 
A series of poly(butylene terephthalate) (PBT)/ 2,4:3,5-di-O-methylene-D-glucitol 
(Glux)-based copolyesters with varying Glux content was successfully prepared 
using solid-state modification (SSM). The Glux copolyesters obtained via SSM are 
abbreviated as PBxGluxyT, where x and y are the mole percentages (mol%) of 1,4-
butanediol and Glux, respectively, in the resulting copolyester. 
Typically, SSM is performed at 20-30 °C below the melting point of the semi-
crystalline polymer to allow for sufficient molecular mobility and condensate 
diffusion, the condensate being 1,4-butanediol which is replaced in the polymer 
backbone by the less volatile Glux units by transesterification reactions. However, 
to minimize the volatilization of the Glux monomer, lower reaction temperatures 
and nitrogen flow were necessary in this study. Dibutyl tin oxide (DBTO) was the 
catalyst of choice, because of its high activity in SSM reactions conducted at 
relatively low temperatures.6 The initial reaction conditions (160 °C, 0.5 L/min N2) 
allowed for the gradual incorporation of the sugar-based comonomer into the 
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backbone of PBT. Once a significant part of the Glux monomer was incorporated 
into the polyester chain by alcoholysis, the reaction temperature and nitrogen flow 
were augmented (170-175 °C, 1 L/min N2) in order to obtain copolyesters of 
sufficiently high molecular weight by post-condensation.  
 

      
FIGURE 8.6. a) SEC chromatograms of PB76Glux24T and b) the evolution of Mn (●) 
and PDI (▲) as a function of tssm. 
  
The molecular weight and polydispersity were followed as a function of the SSM 
reaction time (tssm) using size exclusion chromatography (SEC). Figure 8.6 depicts 
the number average molecular weight trend as a function of tssm as commonly 
observed when SSM is used to modify a polyester (see Chapter 5). The presence of 
the unreacted Glux monomer (marked as * in Figure 8.6a) can be clearly observed 
in the SEC chromatogram of the initial PBT/Glux mixture (tssm= 0 h), whereas the 
broad peak at lower elution times corresponds to the unmodified PBT. Initially, the 
molecular weight of the polymer decreased, indicating that chain scission of the 
PBT chains by alcoholysis was the dominating process. After 1 h, the molecular 
weight reached the lowest value and the strongly reduced size of the Glux 
monomer peak indicates that a significant amount of the Glux monomer had 
already reacted with the PBT backbone.  Subsequently, the molecular weight of the 
PBT/Glux-based copolyesters increased steadily over time, showing that chain 
recombination with elimination of 1,4-butanediol became the dominating process. 
After 45 h of reaction time, the copolyesters attained Mn values of 17-20 kg/mol 
and Mw values of 41-45 kg/mol and the reaction was stopped (Table 8.1). Such 
molecular weight values were desired to allow for a comparison of their thermal 
properties with other PBT/sugar-based copolyesters prepared by SSM in a study 
performed by Lavilla et al.6  

a) b) 
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TABLE 8.1. Molecular characteristics of the PBT/Glux-based copolyesters prepared 
by SSM. 

Entry Initial feed 
composition 

PBT/Glux (mol%) 

Final copolymer 
composition 

PBT/Glux (mol%)a 

Mnb 

(kg/mol) 
Mwb 

(kg/mol) 

PDIb 

PBT 100/0 100/0 23.3 47.1 2.0 

PB91Glux9T 90.9/9.1 91.1/9.9 20.1 45.4 2.3 

PB89Glux11T 87.0/13 88.8/11.2 18.5 41.1 2.2 

PB84Glux16T 83.3/16.7 84.3/15.7 19.3 45.0 2.3 

PB79Glux21T 80.0/20 79.3/20.7 18.3 44.6 2.4 

PB76Glux24T 76.9/23.1 75.8/24.2 17.1 41.8 2.4 

a The final composition of the copolyesters was determined by 1H-NMR 
spectroscopy; b Determined using size exclusion chromatography. 
 
The PDI decreased initially (see Figure 8.6b) because of the formation of many low 
molecular weight species from high molecular weight macromolecules due to the 
significant extent of chain scission, which takes place at these high comonomer 
contents. Concomitantly with the molecular weight increase, the PDI increased 
because of the chain recombination taking place. Eventually the increase in PDI 
leveled off at a value of 2.4, which is higher than the expected value of 2 for 
polycondensation reactions. This increase to a value exceeding the theoretical 
value is most probably due to the deviation from the Flory distribution (Note that 
the crystalline part cannot participate in the formation of this distribution). 
Interestingly, the molecular weight build-up took a significantly longer time 
compared to the chain scission reaction. Consequently, the total reaction time for 
the preparation of Glux-based copolyesters by SSM is significantly longer 
compared to the reaction times necessary to incorporate similar amounts of 2,3:4,5-
di-O-methylene-galactitol (Galx) or 2,4:3,5-di-O-methylene-D-mannitol (Manx) 
under comparable SSM reaction conditions.6 The peculiar differences in reaction 
times can be explained by the differences in the molecular orientation, and 
accordingly by the differences in the reactivities of the OH groups, and the melting 
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point of the comonomers (see further). Schematic representations of the chemical 
structures of the sugar-based comonomers, including isosorbide for comparison, 
are depicted in Scheme 8.3.   
 

 
SCHEME 8.3. Chemical structure of 2,4:3,5-di-O-methylene-D-glucitol (Glux), 
isosorbide (IS), 2,4:3,5-di-O-methylene-D-mannitol (Manx) and 2,3:4,5-di-O-
methylene-galactitol (Galx). 
 
The non-fused bicyclic structure of Galx is more flexible than the fused bicyclic 
structure of Glux, which could account for the higher reaction rate exhibited by 
Galx. Moreover, Manx is symmetric with two equatorially oriented, reasonably 
reactive methylol groups. As proven by the conformational study of Glux, this 
monomer has one less reactive axially and one more reactive equatorially oriented 
methylol group. Due to the higher reactivity of the equatorially oriented functional 
groups towards (trans)esterification reactions, it is likely that predominantly the 
equatorially oriented hydroxyl groups would take part in the chain scission 
reactions (i.e. alcoholysis), leading to low molecular weight copolyester chains 
end-capped with mostly less reactive, axially oriented methylol groups of Glux. 
Therefore, it is expected that the chain recombination reactions in the case of Glux 
progress at a lower rate than for Manx. Besides the difference in orientation and 
reactivity of the functional groups, the higher melting point of the Glux monomer 
should be considered (Tm, Glux = 192-194 °C; Tm, Manx = 139-140 °C). Before the SSM 
reaction, some of the Glux molecules are present as crystals within the amorphous 
phase of the physical mixture (Figure 8.7), caused by the limited miscibility of this 
monomer with the amorphous phase of PBT.  
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FIGURE 8.7.  Wide-angle X-ray diffraction profiles of the physical mixtures of PBT 
and Glux. The reflections attributed to the Glux crystallites are indicated by *. 
 
When the SSM reaction starts, the non-crystallized Glux molecules are directly 
available for the alcoholysis reaction, but the crystallized Glux residues first have 
to dissolve in the amorphous phase. The latter process is thought to cause the 
presence of unreacted Glux in the amorphous phase of PBT for a longer period of 
time compared to the Manx case. Consequently, the chain scission would take 
place for a significantly longer time, which could lead to longer reaction times. 
This is not expected for Manx or Galx because these monomers melt below the 
SSM reaction temperature. Therefore, all the comonomer is available for 
incorporation from the beginning of the SSM reaction. Interestingly, no significant 
differences are observed in the time frame within which the chain scission reaction 
is dominating when the Manx and Glux reactions are compared.6 Moreover, the 
molecular weight decrease in both reactions is similar. Only the subsequent 
recovery of the molecular weight is much slower for Glux. This indicates that, 
although both the differences in orientation and physical behavior may play a role, 
the reactivity difference between the two differently oriented functional groups of 
Glux has the larger influence. Even though long reaction times were required, the 
incorporation of Glux into the backbone of PBT was successful under the applied 
conditions, as proven by NMR spectroscopy.  
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FIGURE 8.8. 1H-NMR spectrum of the PB76Glux24T copolyester recorded in 
CDCl3/TFA-d at room temperature. 
 
The proton nuclear magnetic resonance (1H-NMR) spectrum of PB76Glux24T and 
the representation of the copolyester backbone are presented in Figure 8.8. All the 
observed resonances are assigned to the various magnetically different protons 
along the PBT/Glux-based copolyester backbone. The assignment is corroborated 
by 2D 1H-1H correlation (COSY) and 13C-1H heteronuclear shift correlation 
(HETCOR) NMR spectroscopy. These spectra can be found in Appendix B (Figures 
B1 and B2). The resonance of the aromatic protons at 8.2 ppm (signal e, Figure 8.8) 
is clearly resolved. The signals belonging to the 1,4-butanediol residues are 
assigned at 4.5 ppm (signal a, Figure 8.8) and 2.0 ppm (signal b, Figure 8.8), 
respectively. The resonances corresponding to the molecular structure of Glux are 
observed in the interval between 3.5-5.5 ppm. The signals relating to the acetal 
protons (signals m and l, Figure 8.8) are clearly visible, indicating that the cyclic 
structure was retained during the SSM process.  
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FIGURE 8.9. 13C-NMR spectrum of the PB76Glux24T copolyester recorded in 
CDCl3/TFA-d at room temperature.  
 
The 13C-NMR spectrum of PB76Glux24T and the graphical representation of the 
corresponding structure are presented in Figure 8.9, with the resonances assigned 
to the various carbon atoms. The eight resonances arising from the Glux moieties 
along the backbone of the copolyester are well resolved in the 60-100 ppm interval. 
Resonances from the 1,4-butanediol residues in the backbone of the copolyester are 
also clearly visible (signals a and b, Figure 8.9). The resonances assigned to the 
terephthalate ring (signals d and e, Figure 8.9) and the carbonyl residue (signal c, 
Figure 8.9) are situated above 120 ppm. Interestingly, the resonance of the 
quaternary carbon atom (signal d, Figure 8.9) has split up into eight resolved 
signals (Figure 8.11). This splitting is caused by the sensitivity of this carbon atom 
to the chemical environment and it will be used for the determination of the 
chemical microstructure of the copolyester backbone (vide infra). 
The composition of the copolyesters was determined by the integration of the 1H-
NMR signals arising from the 1,4-butanediol and Glux units. The final 
compositions of the PBxGluxyT copolyesters proved to be in good agreement with 
the initial feed composition (Table 8.1). Hence, using a relatively low nitrogen flow 
and SSM reaction temperature, was an appropriate approach to obtain PBT/Glux-
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based materials where a significant part of the comonomer units are incorporated 
into the copolyester backbone. Similar results were obtained for the SSM of PBT 
with other sugar-based diols, viz. Galx and Manx.6 However, not all attempts to 
modify PBT with a sugar-based diol were successful. Sablong et al.19 showed that 
when SSM was used to modify PBT with isosorbide (IS, Tm = 60-63 °C), no IS was 
incorporated into the backbone of the polyester under the applied reaction 
conditions. Only when a macrodiol approach was used, implying that the SSM of 
PBT was performed with a non-volatile pentamer diol containing an IS residue, it 
became possible to incorporate IS into PBT by SSM. Two reasons for the successful 
incorporation of Glux can be invoked, viz. its lower volatility compared to IS and 
the higher reactivity exhibited by the primary hydroxyl groups of Glux. It is well 
known that primary hydroxyl groups show a higher reactivity compared to 
secondary hydroxyl groups when used in a polycondensation reaction. To study 
the relative volatilities of IS and Glux, thermogravimetric analyses (TGA) were 
performed isothermally at 160 °C. The weight loss of the two monomers was 
studied as function of time. A significant difference between the behavior of IS and 
Glux was found; it was observed that IS completely volatilized within 5.5 hours, 
whereas the Glux sample only lost 5% of its initial weight in that timeframe (Figure 
8.10).  

 

 
FIGURE 8.10. Remaining weight vs. time plot for the TGA experiments performed 
isothermally at 160 °C for Glux (-) and isosorbide (···).  

 
In order to prove that no degradation had taken place and that the weight loss was 
only caused by volatilization, a 1H-NMR spectrum of the sublimed material was 
measured, which showed only the presence of the respective monomers. It is 
probable that both these factors, viz. reactivity and volatility, play a role 
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determining the difference in the incorporation behavior of the D-glucose-derived 
bicyclic diols Glux and IS. 
 
8.3.3. Chemical microstructure of the PBT/Glux-based copolyesters 
The chemical microstructure of the PBT/Glux-based copolyesters was studied by 
quantitative 13C-NMR spectroscopy, making use of the sensitivity of the 
quaternary carbon atoms (indicated by dots in Figure 8.11). This approach was 
used previously (Chapters 5 and 7) to examine the chemical microstructure of 
several other copolymers.  
 

 
FIGURE 8.11. 13C-NMR signals used for the microstructure analysis of PBxGluxyT 
copolyesters with a graphical representation of the generic dyad structure. 
 
An overview of the 13C-NMR resonances in the region of 133-135 ppm obtained for 
the PBxGluxyT copolyesters is presented in Figure 8.11. Since Glux lacks symmetry 
(Scheme 8.3), the obtained splitting is much more complex than for Manx.4,6 Nine 
different dyads, corresponding to the possible diol sequences of 1,4-butanediol (B) 
and Glux (G), are possible along the PBxGluxyT copolyester backbone. Evidently, 
the most intense resonance originates from the dyad assigned to the BB sequence. 
The GG sequences show four peaks, due to the two possible orientations of the 
Glux residues. For the same reason, four additional peaks result from the BG/GB 
sequences. However, because one GG and one BG/GB resonance overlap, only 
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eight signals can be deduced in the 133-135 ppm interval of the 13C-NMR spectra 
(Figure 8.11). By integrating the various dyad resonances, their respective molar 
fractions could be determined. Interestingly, when the molar fractions of the 
individual GG or BG/GB resonances are compared with each other no significant 
differences are found, revealing that SSM produced PBT/Glux-based copolyesters 
in which the Glux units show no preferred orientation. The functional groups of 
Glux are incorporated into the backbone of the copolyester irrespective of their 
orientation, of which the possible reaction sequence was already discussed above.  
Based on the results obtained for the dyad integrals, the degree of randomness (R) 
was determined using the method described in Chapters 5 and 7.17 R-values 
around unity are indicative of an essentially random chemical microstructure. 
When the R-values decrease towards zero or increase towards two, the chemical 
microstructure becomes blocky or alternating, respectively. From Table 8.2, it can 
be concluded that the R-values obtained for these copolyesters deviate significantly 
from unity.  
 
TABLE 8.2. Chemical microstructure data obtained for the PBT/Glux-based 
copolyesters as prepared by SSM. 

Entry Dyad contenta Randomnessa Randomnessb 

 NBB NBG/GB NGG R Rα 

PBT 100 0 0 - - 

PB91Glux9T 78.8 17.3 3.9 0.8 0.9 

PB89Glux11T 75.9 19.1 5.0 0.8 0.9 

PB84Glux16T 68.9 21.9 9.2 0.7 0.8 

PB79Glux21T 63.3 23.6 13.1 0.6 0.8 

PB76Glux24T 59.9 24.7 15.4 0.6 0.8 

a Determined from 13C-NMR using the method described in Chapter 5; b Degree of 
randomness data corrected for sample crystallinity using the method described in 
reference 18. 

 
These copolyesters possess a block-like, non-random overall chemical 
microstructure, as reported for other copolyesters obtained by SSM (Chapters 5 
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and 7).6 Moreover, there seems to be a relation between the comonomer content 
and the obtained overall degree of randomness, since the R-values decrease with 
increasing comonomer content. At this point it needs to be stated that at the lowest 
comonomer contents it was challenging to obtain an accurate integral value from 
the dyad signals.  
During SSM, long PBT sequences present in the crystalline phase are unaltered due 
to mobility restrictions, but they are included in the calculation of the overall 
chemical microstructure, since this is determined from solution 13C-NMR data. It is 
desirable in this study to evaluate the chemical microstructure of the amorphous 
phase only, excluding the contribution of the crystalline phase. To this end, Jansen 
et al. have developed a method to correct the R-values for the presence of the 
crystalline phase, yielding the randomness of the amorphous phase (Rα).18 Using 
the crystallinity (discussed below) of the copolyesters the amorphous content of 
the samples was estimated, and the integrals obtained from the 13C-NMR spectra 
were corrected accordingly. The Rα values as a function of the Glux content are 
presented in Table 8.2, showing that the chemical microstructure of the amorphous 
fraction is practically random (Rα = 0.8-0.9). Moreover, the relation between the Rα-
values  and the composition of the copolyesters (decreasing R-value with 
increasing comonomer content) has become less pronounced. Furthermore, it is 
very well possible that if these results would be corrected for the presence of the 
rigid amorphous fraction (RAF), which according to Jansen et al. is not 
participating in the transesterification reactions, the chemical microstructure of the 
mobile amorphous phase would prove to be fully random, as was observed in a 
previous study.18 The main conclusion is that the PBxGluxyT copolyesters prepared 
by SSM show a block-like, non-random overall chemical microstructure, caused by 
PBT sequences which make up the crystalline phase of the copolyester during the 
SSM. However, the chemical microstructure of the overall amorphous phase is 
practically random.  
 
8.3.4. Thermal properties of the PBT/Glux-based copolyesters 
The thermal properties of the PBT/Glux-based copolyesters prepared by SSM were 
studied systematically by TGA and differential scanning calorimetry (DSC). TGA 
was used to evaluate the influence of the Glux residues on the thermal stability of 
the copolyesters (Figure 8.12).  
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FIGURE 8.12. TGA traces of PBxGluxyT copolyesters.  
 
The degradation takes place in one step and the residual weight at 600 °C is in the 
order of 0-9 wt%. The thermal stability of the materials increases after the 
incorporation of Glux when these are compared to the parent PBT. The ability of 
sugar-based bicyclic diols to increase the thermal stability of terephthalate-based 
polyesters was reported before in the literature.3,6 
DSC was used to evaluate the thermal properties of the series of PBT/Glux-based 
copolyesters. The obtained results (Table 8.3) are discussed and also compared to 
other PBT-based copolyesters prepared by SSM.6,19 The chemical structures of the 
sugar-based monomers involved in the comparative study are depicted in Scheme 
8.3. Moreover, the comparison with the fatty acid dimer diol (FADD)-based 
copolyesters (Chapter 7) will be made. 
All the PBxGluxyT copolyesters are semi-crystalline materials with melting 
temperatures in the range of 210 °C, without a clear dependence on the 
composition of the copolyester. These melting points are related to the PBT 
crystalline phase, which did not participate in the SSM reactions because of 
mobility restrictions. The copolyesters show strong melting endotherms as 
indicated by the high enthalpy of melting (ΔHm). In order to determine the 
crystallinity of the PBxGluxyT samples, to elucidate if co-crystallization takes place 
during the SSM treatment and to complement the DSC data, wide-angle X-ray 
diffraction (WAXD) was performed. 
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TABLE 8.3. Thermal properties of the PBT/Glux-based copolyesters prepared by 
SSM. 

Entry   First 
heating run 

Cooling Second 
heating run 

 Glux 
content 
(mol%) 

Tg3a 
(°C) 

Tm1 
(°C) 

ΔHm1 
(J/g) 

Tc 
(°C) 

ΔHc 
(J/g) 

Tm2 
(°C) 

ΔHm2 
(J/g) 

1 0 45 225 60.5b 193 52.0 224 49.0 

2 9 66 211 66.7 179 43.4 210 39.7 

3 11 68 209 62.4 173 42.2 206 35.1 

4 16 74 208 59.6 169 38.9 205 32.9 

5 21 85 210 53.6 163 32.1 201 28.9 

6 24 88 211 52.2 143 23.6 194 28.1 

a Glass transition temperature obtained from the third heating run recorded at 20 
°C/min; b After applying a similar thermal treatment which was used for the 
copolyesters the ΔHm increased to 74.4 J/g. 
 
The WAXD profiles of the materials directly after SSM are depicted in Figure 8.13 
and the most important Bragg spacings present therein are listed in Table 8.4. 
 

 
FIGURE 8.13. WAXD profiles of the PBxGluxyT copolyesters as obtained directly 
after the SSM treatment with the indication of the dhkl in Å. 
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When all the WAXD patterns in Figure 8.13 are studied as a function of the Glux 
content, it is clear that these patterns are essentially similar to the pattern of PBT, 
regarding both spacings and relative intensities. Clearly, (co-)crystallization of 
GluxT sequences does not occur during the SSM treatment, a result which was 
already reported for other Glux-based aromatic copolyesters.7,8  The crystallinity 
was estimated from these WAXD diffractograms by estimating the crystalline area 
and dividing this value by the total area under the curve (Table 8.4). A small 
decrease of the crystallinity with increasing Glux content can be noted. Thus, the 
crystalline phase is not completely retained during the SSM process, something 
which was observed before in studies performed by Lavilla et al.6 A combination of 
two physical processes (viz. annealing and swelling of the amorphous phase) are at 
the basis of this particular behavior. 
 
TABLE 8.4. Wide-angle X-ray diffraction data of PBxGluxyT copolyesters as 
obtained directly after the SSM treatment. 

a Bragg spacings measured obtained from powder diffraction patterns for samples 
coming directly from synthesis by SSM treatment. Intensities visually estimated as 
follows: s, strong; m, medium; w, weak. b Crystallinity index calculated as the 
quotient between crystalline area and total area. 
 
During SSM, annealing and crystal perfectioning take place simultaneously along 
with the Glux incorporation process. Annealing converts the RAF into lamellar 
PBT crystals and this leads to an increase in the overall crystallinity of the 
copolyesters. Furthermore, it is known that a small quantity of comonomer can 
lead to an increase in crystallinity due to the plasticizing effect of the comonomer 

Entry da 

(Å) 
Xcb 

PB91Glux9T 5.6 s 5.1 s 4.3 m 3.8 s 3.6 s 3.1 w 2.9 w 0.65 

PB89Glux11T 5.6 s 5.1 s 4.3 m 3.8 s 3.6 s 3.1 w 2.9 w 0.61 

PB84Glux16T 5.6 s 5.1 s 4.3 m 3.8 s 3.6 s 3.1 w 2.9 w 0.59 

PB79Glux21T 5.6 s 5.1 s 4.3 m 3.8 s 3.6 s 3.1 w 2.9 w 0.53 

PB76Glux24T 5.6 s 5.1 s 4.3 m 3.8 s 3.6 s 3.1 w 2.9 w 0.49 
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on the parent polymer. At the same time, swelling of the amorphous phase with 
the comonomer can take place. Because of this swelling, the RAF becomes mobile 
and accessible for the modification reaction. Once all the RAF has become mobile, 
it is possible that the monomer starts to dissolve the PBT crystals too.20 Hence, the 
swelling of the amorphous phase and the annealing are two competitive processes, 
which occur simultaneously during the SSM reaction, but which according to the 
described WAXS study do not result in co-crystallization of 1,4-butanediol-based 
sequences and Glux-based sequences during the mentioned crystal perfectioning 
process mentioned above.  
DSC was used to study the crystallization behavior of the PBT/Glux-based 
copolyesters. From the data presented in Table 8.3, it can be noted that the 
crystallization temperature (Tc) and the crystallization enthalpy (ΔHc) both 
decrease with increasing Glux content. The amount of non-crystallizable Glux 
segments is increasing, which makes crystallization from the melt more difficult. 
This is evidenced by the cold crystallization exhibited by PB76Glux24T. This 
behavior was observed before in copolyesters which were prepared by SSM from 
different sugar-based diols.6 
As mentioned above, these materials are semi-crystalline and can recrystallize 
from the melt. However, it needs to be stated that the melting temperature (Tm) 
and the melting enthalpy (ΔHm) are not fully retained after the first heating run 
(Table 8.2). As stated above, the presence of modified chain segments hinders the 
crystallization from the melt. Moreover, a reason for this difference between the 
first and second heating run is the randomization of the chemical microstructure, 
an entropically-driven process, which takes place by transesterification when the 
sample is kept in the melt for a period of time. To study the randomization 
phenomenon, samples of PB79Glux21T were kept in the melt at 260 °C for 
predetermined times and after this treatment their chemical microstructure and 
thermal properties were studied (Figure 8.14) using 13C-NMR and DSC, 
respectively. 
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FIGURE 8.14. DSC traces of the first heating run of the copolyester PB79Glux21T 
which was kept in the melt at 260 °C for predetermined times. 

 
The melting temperature decreases as a function of the time which the sample was 
kept in the melt. This decrease of the Tm is accompanied by an increase of the 
overall, non-corrected R-value from 0.6 to 0.8, showing that randomization of the 
chemical microstructure occurred. This randomization process is probably 
catalyzed by the excellent and still active transesterification catalyst DBTO, which 
was added to the SSM reaction mixtures to facilitate the incorporation process. 
This randomization process causes the difference in the melting temperatures 
obtained from the first and second heating run (Table 8.3). The effect of this 
randomization is larger at higher Glux contents, because this yields copolyester 
chains with shorter crystallizable PBT segments, leading to lower melting 
temperatures and crystallinities. Additionally, the decrease in the crystallinity is 
caused by the lack of a long annealing period between the two heating runs.  
The randomization of the Glux-based copolyesters was compared with 
randomization results obtained for other copolyesters prepared by SSM. 
Copolyesters prepared from PBT and Manx (PB82Manx18T),6 Galx (PB81Galx19T),6 
1,18-octadecanediol (PB84Oct16T) or FADD (PB82F18T) (both Chapter 7) containing 
similar amounts of comonomer are shown combatively in addition to the Glux-
based copolyester (Figure 8.15) 
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FIGURE 8.15. Overview of the overall, non-corrected R-values as function of time 
in the melt at 260 °C for the sugar-based copolyesters PB81Galx19T (○), PB-

82Manx18T (■), PB79Glux21T (Δ), PB84Oct16T (♦) and PB82F18T (▼).  
 
It is observed that the Glux-based samples randomized relatively slowly compared 
to the Galx- and Manx-based copolyesters. As was explained above, differences in 
the orientation of the two functional groups of Glux yielded a difference in their 
reactivity, which caused the need for extended reaction times. This argument most 
probably also applies to the randomization reaction, where the axially oriented 
OH-groups have a lower reactivity, yielding a lower transesterification rate 
compared to Manx. Moreover, from Figure 8.15 it can be concluded that the Galx-
based copolyesters randomize at the highest rate, which can be explained by its 
more flexible structure. Galx was also shown to be incorporated within the shortest 
timeframe at similar reaction temperatures.6 Conversely, Glux seems to randomize 
faster compared to the 1,18-octadecanediol- and FADD-based copolyesters. The 
phase separated morphology of these materials prevents the randomization more 
efficiently than the less reactive groups from Glux. These results clearly show a 
relation between the rate of incorporation and the rate of randomization; both 
depend on the orientation (and reactivity) of the methylol groups and the 
flexibility of the monomer structure. Moreover, it is clear that phase separation 
suppresses the randomization of the chemical microstructure and therefore is 
important for a retained melting and crystallization behavior.  
Thermal properties of the second heating run are worth studying and comparing 
with other PBT-based copolyesters prepared by SSM. As mentioned above, melting 
temperatures and enthalpies of PBT/Glux-based copolyesters were not fully 
retained after the first heating run, which was previously observed for other 
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PBT/sugar-based copolyesters prepared by SSM.6,19 When the Tm values obtained 
from the second heating runs of the PBT-based copolymers are compared to other 
PBT-based copolyesters prepared by SSM, noticeable differences are observed and 
an overview is given in Figure 8.16. 
 

 
FIGURE 8.16. Overview of the melting behavior during the second heating runs of 
the copolyesters containing Galx (○), Manx (■), Glux (Δ), isosorbide (x) and FADD 
(▼). The neat PBT is represented by the open square. 
 
The copolyester series prepared from the sugar-based comonomers IS, Galx and 
Manx show a decrease of the Tm values with increasing sugar-based monomer 
content, as is observed for Glux. Still, noteworthy differences between the melting 
temperatures of the various sugar-based copolyesters are not observed at the 
lowest comonomer contents. However, the differences are much more significant 
at comonomer contents exceeding 15 mol%. The copolyesters which contain Glux 
or IS show higher melting points compared to the materials with similar amounts 
of Galx and Manx. At higher comonomer contents, the difference in randomization 
rate could play a key role in determining the thermal properties of the materials. 
Glux shows a relatively slow randomization and therefore longer crystallizable 
PBT segments are retained during the time in the melt. Unfortunately no data was 
reported in Reference 19 for IS-based materials. Galx- and Manx-based 
copolyesters randomize faster (Figure 8.15) and therefore yield much shorter 
crystallizable segments, thus lower melting temperatures. When these results are 
compared with the melting behavior of the FADD-based materials it is clear that 
those copolyesters present higher melting temperatures. The phase separation 
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during and after the SSM yields longer crystallizable PBT sequences and therefore 
a higher melting temperature. 
The Tg data obtained for the copolyesters during the third heating run are 
presented in Table 8.3. There are small differences noted for the Glux-based 
copolyesters between the Tg values obtained from the first, second and third 
heating run. This transition decreases slightly in temperature between the heating 
runs and this is caused by the randomization of the chemical microstructure. The 
rigid Glux segments are distributed over more PBT segments and this causes the 
chain to become less rigid overall. The Tg increases as a function of the Glux 
content from 45 °C in PBT up to 88 °C in PB76Glux24T. The increase of the Tg values 
was expected because of the stiffer nature of Glux compared to 1,4-butanediol. To 
compare the effect of the various sugar-based diols on the Tg values of their 
respective copolyesters obtained by SSM, an overview is given in Figure 8.17. 
 

 
FIGURE 8.17. Comparison of the Tg values of PBT/sugar-based copolyesters based 
on Galx (○), Manx (■), Glux (Δ) and isosorbide (x) prepared using SSM obtained 
during the third heating run. The open square represents the homopolyester PBT. 
 
The incorporation of the sugar-based comonomers IS, Galx and Manx into the PBT 
main chain in all cases leads to increased glass transition temperatures with respect 
to the Tg value of pure PBT. However the increase of the Tg value is significantly 
larger for Glux-based copolyesters compared to IS, Galx and Manx containing 
materials. Based on data reported in the literature for PGluxT and PIST 
homopolyesters (i.e. prepared from the sugar-based diol and dimethyl 
terephthalate), such a significant difference would in principle not be expected. 
The Tg of a low molecular weight PGluxT homopolyester (Mn = 3.0-5.5 kg/mol) has 
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been reported to be in the order of 150-154 °C.7 Moreover, from a Fox-Flory data 
representation of Tg vs. 1/Mn for several PIST samples,2 the Tg for PIST 
homopolyesters having comparable molecular weights (Mn = 3.0-5.5 kg/mol) was 
estimated to lie in the range 150-180 °C. Therefore, a comparable or slightly higher 
Tg was expected for the IS-based copolyesters. Hence, another factor is playing a 
crucial role in this deviation. The crystallinity of the IS-based samples is much 
lower compared to the samples based on Glux. Hence, the amorphous phase of the 
Glux-based copolyesters is much richer in rigid comonomer segments, which in 
turn leads to an increase of the Tg values of Glux-based materials. The observation 
that the Glux-based SSM copolyesters show higher Tg values compared to their 
Galx-based counterparts was expected. Since the two 1,3-dioxolane rings of Galx 
are not fused, its molecular structure is more flexible than the fused bicyclic 1,3-
dioxane structure of Glux. However, the structure of Manx seems to be very 
comparable with Glux, since both are composed of two fused 1,3-dioxane rings. 
Nevertheless, as pointed out in paragraph 8.3.1. their conformation differs 
strongly. The PManxT homopolyester shows a Tg value of 137 °C,4 which is 
significantly lower than that of PGluxT, despite PManxT having a higher 
molecular weight (Mn= 12.9 kg/mol). It is clear that the conformation of these 
compounds lead to a significant difference in the Tg values obtained for the 
copolyesters prepared from these diastereoisomers. Additionally, at higher 
comonomer contents the crystallinity of the Glux-based samples is significantly 
higher, due to the slower randomization of the chemical microstructure (Figure 
8.15). Therefore the relative amount of comonomer present in the amorphous 
phase of the Glux-based samples is higher, leading to an additional increase of the 
Tg value. 
It can be concluded therefore that the D-glucose derived diol Glux, unlike IS, can 
be directly incorporated into PBT by SSM, yielding partially renewable materials 
with remarkable thermal properties, which are superior to other PBT/sugar-based 
copolyesters prepared by SSM. 
 
8.4. CONCLUSIONS 
Using solid-state modification (SSM), the D-glucose-derived diol 2,4:3,5-di-O-
methylene-D-glucitol (Glux) was successfully introduced into the backbone of PBT 
by transesterification. The conformation of this diol was verified and it was shown 
that just one conformation is assumed by Glux, which was significantly different 
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from the conformation of the structurally similar 2,4:3,5-di-O-methylene-D-
mannitol (Manx). A relatively low reaction temperature and nitrogen flow were 
used to synthesize the copolyesters without significant volatilization of the sugar-
based comonomer. The final composition of the copolyesters, which was 
determined by proton nuclear magnetic resonance (1H-NMR) spectroscopy, was 
close to the initial feed ratio. The overall chemical microstructure of the resulting 
polymers was proven to be non-random. Long PBT sequences, located in the 
crystalline phase, remained unmodified during the SSM reaction, whereas the 
chemical microstructure of the amorphous phase was practically random. The 
Glux-based copolyesters randomized in the melt, but relatively slowly compared 
to other sugar-based copolyesters prepared by SSM. This was attributed to the 
lower reactivity of the axial hydroxyl group of Glux. The semi-crystalline Glux-
based copolyesters showed higher melting points and higher glass transition 
temperatures compared to materials prepared from isosorbide, Manx and Galx by 
the same technique. Clearly, the conformation of the diol residue had a significant 
influence on the incorporation behavior as well as on the thermal properties of the 
copolyesters. Moreover, it was clear from the comparison with the FADD-based 
copolyesters that a phase separated morphology in the solid state and in the melt is 
of paramount importance for their melting and crystallization behavior. 
Hence, by incorporating Glux into the backbone of PBT by SSM, partially 
renewable copolyesters with outstanding thermal properties were prepared. 
Moreover, the aim of this chapter was reached since PBT-based copolyesters with 
increased Tg values were obtained. 
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Appendix B. 
 

 
FIGURE B1. COSY spectrum of the PB76Glux24T copolyester recorded in 
CDCl3/TFA-d at room temperature. 
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FIGURE B2. HETCOR spectrum of the PB76Glux24T copolyester recorded in 
CDCl3/TFA-d at room temperature. 
 
 

 
  



 
204 

 



 
205 

  Chapter 9. Poly(butylene terephthalate)-based 
poly(ester amide)s prepared by solid-state modification 

 
Abstract. A series of poly(butylene terephthalate) (PBT)-based poly(ester amide)s 
was prepared using solid-state modification (SSM). PBT-based materials with 
retained or enhanced Tg values and crystallization features were aimed for. The 
incorporation was followed by size exclusion chromatography and a molecular 
weight dependency on the reaction temperature and pentamer content was proven. 
Both these dependencies could be explained by the reactive functional group 
content present during the solid-state reaction. It was shown that the pentamer 
takes part in a homocondensation reaction yielding the alternating poly(ester 
amide) of PBT and Nylon 4,T (PB4T). The PB4T segments crystallized during 
SSM within the amorphous phase of the materials leading to a decrease in the 
reactive functional group content, limiting molecular weight build-up. The 
presence of the crystalline PB4T structures was verified using differential 
scanning calorimetry and wide-angle X-ray scattering.    
The obtained poly(ester amide)s showed remarkable thermal properties which were 
superior to those of neat PBT. The materials showed similar Tg values compared 
with PBT. Moreover, the poly(ester amide)s showed a significant increase in the 
onset of crystallization temperature. Aggregates composed of the amide-containing 
segments acted as nucleating sites for the PBT. Physical blends of PBT and the 
pentamer of similar chemical composition showed a smaller increase in 
crystallizability. This was attributed to the pre-orientation of the PBT segments 
close to the amide-containing aggregates after incorporation of the pentamer, 
resulting in easier crystallization.  
 
  



 
206 

9.1. INTRODUCTION  
The copolyester materials, prepared by solid-state modification (SSM), which were 
described in Chapters 5-8 showed interesting thermal features. However, the 
copolymers presented in Chapters 5-7 showed decreased Tg values with respect to 
pure PBT and the copolyesters presented in Chapter 8 displayed compromised 
melting and crystallization temperatures. Therefore, it was desired to prepare 
poly(butylene terephthalate) (PBT)-based materials with retained or improved 
glass transition, melting and crystallization temperatures. To achieve this, a 
component with similar rigidity as PBT, showing aggregation or phase separation 
within the PBT-based polymer melt, needs to be incorporated. 
In this chapter the modification of PBT with a pentamer based on 1,4-
butanediamine, terephthalic acid and 1,4-butanediol (Figure 9.1), is described. 
Incorporating the neat amine via SSM is not possible (too volatile) and therefore a 
pentamer approach was used. The pentamer approach was explored by Sablong et 
al.1 and proved to be very suitable for the incorporation of volatile monomer 
residues such as isosorbide. Incorporating the 1,4-butanediamine-containing 
segments is expected to yield materials which meet the above described 
requirements. These segments would show similar (or even higher) rigidity 
compared to the PBT backbone and thus the Tg should be at least retained, if not 
enhanced. Moreover, the presence of the amide residues could lead to stacking 
(aggregation) in the PBT melt. These aggregates or crystalline structures could act 
as nucleating sites for the crystallization of PBT. This behavior was observed by 
Jansen et al.2 when 2,2’-biphenyldimethanol was incorporated into the backbone of 
PBT by SSM. Moreover, studies performed by Gaymans et al.3,4 showed that PBT-
based poly(ester amide)s are materials with interesting thermal properties. 
This chapter describes the synthesis as well as the molecular characterization of the 
PBT-based poly(ester amide)s. Their thermal properties are studied and it will be 
shown that the incorporation of the pentamer residues significantly enhances the 
crystallizability of the resulting materials. 
 
9.2. EXPERIMENTAL SECTION  
9.2.1. Materials 
Poly(butylene terephthalate) (PBT) granulate (Mn = 18 kg/mol, Mw = 47 kg/mol)  
was provided by DSM and the pentamer was prepared by FBR-WUR within the 
framework of the Biobased Performance Materials program financed by the Dutch 
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government. The pentamers were dissolved and filtered before use. Potassium 
nitrate (KNO3), sodium nitrate (NaNO3) and sodium nitrite (NaNO2) were all 
obtained from Sigma-Aldrich. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, 99 %) was 
obtained from Biosolve. Deuterated chloroform (CDCl3, 99.8 atom% D) and 
deuterated trifluoroacetic acid (TFA-d, 99 atom% D) were obtained from 
Cambridge Isotope Laboratories. All chemicals were used as received, unless 
denoted otherwise. 
 
9.2.2. Preparation of the PBT-based physical mixtures 
The physical mixtures were prepared using the method described in Chapter 5 
(paragraph 5.2.2) 
 
9.2.3. Solid-state modification 
The solid-state modification of PBT was performed as described in Chapter 5 
(paragraph 5.2.3). The SSM was conducted at temperatures from 195-215 °C and 
the reaction was allowed to continue for six hours. 
 
9.2.4. Characterization 
Proton nuclear magnetic resonance (1H-NMR) spectroscopy and wide-angle X-ray 
diffraction (WAXD) measurements were performed as described in Chapter 5.  
Matrix-assisted laser desorption/ionization time of flight mass spectrometry 
(MALDI-ToF-MS), Fourier transform infrared spectroscopy (FTIR) and 
Thermogravimetric analyses (TGA) were performed as described in Chapter 2. 
Differential scanning calorimetry (DSC) and size exclusion chromatography (SEC) 
were carried out analogous to the methods described in Chapter 7 and Chapter 8, 
respectively. 
Carbon nuclear magnetic resonance (13C-NMR) spectroscopy was performed on a 
Varian spectrometer at a resonance frequency of 100.343 MHz. For 13C-NMR 
experiments the spectral width was 25510 Hz, the acquisition time was 1.285 s, the 
delay time was 1 s and the number of recorded scans was equal to 3000. Samples 
were prepared by dissolving 20-30 mg of crude poly(ester amide) in 0.8 mL of a 
mixture of CDCl3 : TFA-d mixture (8:2, v:v). Chemical shifts were reported in ppm 
relative to the signal of tetramethylsilane used as the internal reference, present in 
the CDCl3. Data analysis was performed using Mestrec 4 software. 
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Variable-temperature 2D WAXD patterns were obtained using a Bruker D8 
discover with general area detector diffraction system (GADDS), a two-
dimensional (2D) detector. This Bruker system was equipped with a Göbel mirror, 
parallel beam, and used Cu radiation with a wavelength of 1.54184 Å at 40kV and 
40mA. The measurements were conducted at 280 °C in transmission mode with a 
sample to detector distance of 80 mm and an exposure time of 15 minutes. The 
samples were heated using a Linkam hotstage at a heating rate of 10 °C/min and 
prior to the analyses the samples were kept at 280 °C for 5 minutes. 
 
9.3. RESULTS AND DISCUSSION 
9.3.1. Synthesis of PBT-based poly(ester amide)s 
To verify the molecular structure of the pentamer (P1), used for the SSM of PBT, 
nuclear magnetic resonance (NMR) spectroscopy and matrix-assisted laser 
desorption/ionization time of flight mass spectrometry (MALDI-ToF-MS) were 
used. The proton (1H-NMR) and carbon (13C-NMR) NMR spectra of P1 are shown 
in Figures 1a and 1b, respectively. 

 
 

 
FIGURE 9.1. a) 1H-NMR and b) 13C-NMR obtained for neat pentamer P1 at room 
temperature in a mixture of CDCl3 and TFA-d. A schematic representation of the 
structure including the corresponding assignments is also presented. 
 

a) b) 
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From the spectrum presented in Figure 9.1a, the chemical structure of the 
pentamer is clear and all the resonances have been assigned. The various integral 
values are as expected, only resonance h is relatively small and the integral value 
of resonance e is too large. These deviations are caused by the reaction of the free 
hydroxyl groups of the pentamer with the deuterated trifluoroacetic acid (TFA-d). 
The resulting ester presents a resonance which overlaps with resonance e. In 
addition, 13C-NMR spectroscopy was used to verify the backbone structure of the 
pentamer and this spectrum is shown in Figure 9.1b. Within this 13C-NMR 
spectrum all the resonances could be assigned, thus the expected structure of the 
pentamer was proven.  
The structure of the pentamer was further elucidated using MALDI-ToF-MS 
(Figure 9.2).  

 

 
FIGURE 9.2. The a) full MALDI-ToF-MS spectrum obtained for pentamer P1 and 
b) a zoom-in on the region between m/z values of 560-572. Representative 
structures assigned to the distributions are additionally shown in this figure. 
 
Figure 9.2a reveals a number of distributions, but most of these distributions are 
related to the matrix used for these MALDI-ToF-MS experiments. Only 
distributions (a) and (b) are not a result of the matrix and they should relate to the 

a) b) 
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pentamer. However, no structure could be assigned to distribution (a) after 
studying all the logical possibilities. Distribution (b) (Figure 9.2b) proved to be a 
group of three distributions which overlap and these structures are denoted as 
(b1)-(b3). Interestingly, two distributions (b1 and b2, Figure 9.2b) are assigned to 
species with amine-groups as the terminal functionalities. This is an unexpected 
result because no resonances from amine groups were observed in the NMR 
spectra (Figure 9.1). The presence of free amine groups is not desirable because 
these can lead to branching or cross-linking during the SSM reaction. It is known 
that two primary amines can react forming secondary amines, which subsequently 
can react with carboxylic acid end groups forming branches and in extreme cases 
even cross-links. Finally, distribution (b3) is assigned to the desired P1 structure. 
Interestingly, the amine containing species show the highest intensity, but this 
does not necessarily imply that these species are the most abundant. It has been 
described in literature that amine end-capped macromolecules can show a better 
ionization efficiency compared to hydroxyl functional chains.5 Therefore, any 
conclusion on the relative amounts cannot be drawn from MALDI-ToF-MS. 
Nevertheless, when the NMR data is studied in conjunction with these MALDI 
results it is clear that hydroxyl end-capped pentamer species are more abundant.  
After the chemical structure of this pentamer was verified, five PBT-based physical 
mixtures with increasing P1 content (2.5, 5, 9, 13 and 15 mol%) were prepared 
using the common solvent approach (see paragraph 5.2.2.). These physical 
mixtures were subjected to solid-state modification (SSM) at three different 
temperatures, viz. 195 °C, 205 °C and 215 °C. This study yielded information on the 
influence of the reaction temperature and pentamer content on the attainable 
molecular weight after similar SSM reaction times (tssm). In Figure 9.3, an overview 
of the Mw and PDI trends obtained for the different reactions is shown. Moreover, 
a summary of the molecular weight data of these materials is presented in Table 1. 
Before discussing the molecular weight trends it is imperative to understand which 
reactions take place during the SSM reaction of these particular physical mixtures 
(Scheme 9.1). This SSM process is more complicated when compared to the 
systems presented in Chapters 5 and 8 because the pentamer can transesterify with 
PBT and with itself. First of all, the pentamer can be incorporated into the PBT 
backbone (Scheme 9.1a) by two consecutive alcoholysis reactions (paragraph 1.2.3). 
The incorporation of the pentamer via this route is desired and is similar to the 
reactions described in Chapters 5 and 8. Secondly, the pentamer can react with 
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itself through a homocondensation reaction forming the alternating poly(ester 
amide) of PBT and the aromatic polyamide Nylon 4,T (PB4T) (Scheme 9.1b). At 
relatively low molecular weight the PB4T will crystallize, yielding low molecular 
species which do not participate in the SSM reaction anymore. When neat PB4T 
crystallizes the amount of pentamer which can be incorporated into the backbone 
of the poly(ester amide) decreases. The presence of these low molecular weight 
species lowers the total molecular weight of the samples. Moreover, these non-
reacting, low molecular weight species lead to an increase in the PDI. The 
pentamer can also initially react once with the PBT backbone, leading to chain 
scission, but instead of being incorporated (Scheme 9.1a) the other chain end can 
take part in the above described homocondensation reaction. This reaction leads to 
a blocky copolymer of PBT and PB4T (Scheme 9.1c). When the PB4T-block, which 
is attached to PBT, crystallizes this restricts the mobility of the hydroxyl groups 
which are present at the chain end of the PB4T blocks. The mobility restriction 
limits the reactivity of these groups and these hydroxyl groups are now thought to 
be inactive. The final attainable molecular weight is dependent on the amount of 
groups which take part in the reaction, thus this crystallization process limits the 
molecular weight. Hence, this reaction results in a decrease in the attainable 
molecular weight and an increase in the PDI value of the poly(ester amide)s. The 
extent and the ratio in which these reactions occur during SSM will depend on the 
morphology of the physical mixtures and the used reaction temperature. At low P1 
content it is expected that the pentamer will be dispersed more homogeneously 
throughout the amorphous phase of the physical mixture. This would promote the 
incorporation of the pentamer (Scheme 9.1a). At intermediate P1 contents, it is 
expected that the incorporation and block copolymer formation (Scheme 9.1c) take 
place predominantly. At the higher P1 contents all the reactions shown in Scheme 
9.1 will occur. Hence, limitations to the attainable molecular weight can be 
expected at intermediate and high P1 contents. These materials will most probably 
show relatively high PDI values. Another reaction which results in increasing PDI 
values is the branching or cross-linking caused by the formation of secondary 
amine-groups (Scheme 9.1d), which can react with COOH end-groups of other 
chains. Indications for the presence of primary amines were obtained from 
MALDI-ToF-MS. Besides these reactions involving the pentamer residues, PBT 
itself increases its molecular weight by solid-state polycondensation (paragraph 
1.2.3.) and all of these processes are temperature dependent 



 
 
SCHEME 9.1. a) Incorporation reaction of the pentamer P1 residues in the PBT backbone, b) homocondensation reaction of 
the pentamer P1 forming PB4T, c) the formation of a PB4T-b-PBT block copolymer via the homocondensation reaction after 
the chain scission reaction and d) the formation of secondary amine-groups, which can give branching/cross-linking.



The crystallization of the PB4T during the SSM process will be influenced by 
changes in the reaction temperature. At a higher SSM temperature, the 
crystallization of the PB4T will occur after a higher molecular weight of the PB4T 
has been reached. Therefore, at higher temperature these residues have more 
chance of being incorporated into the backbone of the material before this 
incorporation is hindered by the crystallization process. However, the cross-
linking reaction (Scheme 9.1d) will also occur on a larger scale when the reaction 
temperature is increased.  
In Figure 9.3, the Mw results are presented in combination with the PDI values. The 
Mn values did not always represent the obtained molecular weight trends in an 
accurate way. 
 
TABLE 9.1. Molecular weight data of the PBT-based poly(ester amide)s obtained 
by size exclusion chromatography (SEC). 

Entry P1 
content 
(mol%) 

Tssm 
(°C) 

Mn 
(kg/mol) 

Mw 
(kg/mol) 

PDI 

1  
0 
 

195 45.3 78.5 1.8 
2 205 52.7 105 2.0 
3 215 72.3 152 2.1 
4  

2.5 
 

195 40.7 75.0 1.8 
5 205 67.0 151 2.3 
6 215 108 229 2.1 
7  

5 
 

195 32.1 59.3 1.9 
8 205 46.2 146 3.2 
9 215 89.0 221 2.5 
10  

9 
 

195 13.2 44.1 3.3 
11 205 23.6 88.9 3.7 
12 215 39.7 161 4.1 
13  

13 
 

195 9.4 34.0 3.6 
14 205 16.2 63.3 3.9 
15 215 28.1 108 3.8 
16  

15 
 

195 6.0 39.1 6.5 
17 205 12.4 73.6 5.9 
18 215 12.9 127 9.8 



 
214 

From Figure 9.3, it is clear that at all SSM temperatures the weight average 
molecular weight of the copolymers initially decreases and that all materials show 
a subsequent increase in Mw value. However, this increase in Mw is sometimes 
rather small and in some cases accompanied with a strong increase in PDI. Hence, 
these materials behave quite different during SSM compared to the systems 
described in Chapters 5 and 8.  
 

 

 
 

 
FIGURE 9.3. Weight average molecular weight (left) and PDI (right) trends 
obtained for the poly(ester amide)s prepared at a) 195 °C, b) 205 °C and c) 215 °C 
containing 0 (●), 2.5 (■), 5 (▲), 9 (○), 13 (◊) and 15 mol% (□). The initial molecular 
weight of neat PBT before the SSM process is indicated by (+) 

 

a) 

b) 

c) 
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The initial decrease of the molecular weight depends on the amount of 
comonomer, were samples containing more comonomer generally show a larger 
decrease (Figure 9.3). This decrease is caused by the formation of low molecular 
weight species formed either by the chain scission reaction or by the reactions 
presented in Scheme 9.1b-c. That chain scission takes place is suggested by the 
observed decrease in peak maximum molecular weight (Mp) (Figure 9.4). This 
decrease is clear, but the homocondensation leading to low molecular weight 
materials is also occurring. 
 

 
FIGURE 9.4. Size exclusion chromatogram traces representing the change of the 
molecular weight of 10 (Table 9.1) during SSM as function of the reaction time. The 
unreacted pentamer is indicated by the *. 
 
The molecular weight data presented in Figure 9.3 shows numerous trends and 
relations and these will be discussed below. Generally, the molecular weight 
depends on the reaction temperature and on the pentamer content. Various 
authors have reported a dependence of the attainable molecular weight on the 
reaction temperature.6–9 At higher temperatures the functional groups at the 
polymer chain ends show increased reactivity. In addition, at elevated 
temperatures more end-groups are available to take part in the SSM process, 
because of the increased mobility in the amorphous phase. The increase in the 
amount of active chains ends will ultimately lead to a higher attainable molecular 
weight.10 The rate at which the molecular weight increases during the SSM reaction 
shows a similar dependency. At higher reaction temperatures, the reaction rate is 
higher and the internal and external condensate diffusion rates (Figure 1.4) will 
also have increased.  
The dependence of the molecular weight of the final poly(ester amide) on the 
presence of P1 was not expected, but can be explained by the reactions presented 
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in Scheme 9.1. The reactions presented in Scheme 9.1a-d take place during the SSM 
reaction, but the relative amount in which these reactions will occur will depend 
on the P1 content and the resulting morphology of the physical mixtures prior to 
the SSM reaction (vide infra). Moreover, the reaction temperature will have an 
influence on the extent of these reactions. The observed P1 content dependence 
(Figure 9.3) shows that with increasing pentamer content the attainable molecular 
weight decreases. Apparently, the amount of available reactive functional groups 
decreases with increasing pentamer content. When more P1 is present the reactions 
b-d shown in Scheme 9.1 will occur to a larger extent. Especially when the P1 
comonomer is not homogeneously distributed (vide infra) in the physical mixture, 
the homocondensation reactions (Scheme 9.1b-c) lead to the entrapment of 
functional groups. These functional groups do not participate in the reaction 
anymore. This process causes the limitation of the molecular weight as function of 
the pentamer content. As stated above, because the Mp decreases initially, chain 
scission is occurring (Figure 9.4), but if this leads to incorporation or 
homocondensation is unknown. Low molecular weight species are observed in the 
SEC traces of the reacted materials containing more than 5 mol% P1, which 
suggests the presence of these inactive species (formed by reactions depicted in 
Scheme 9.1b-c). These species also lead to the observed increase in the PDI values 
for these samples.  
These processes also depend on the reaction temperature: at higher temperatures 
the PB4T will crystallize after a higher molecular weight has been reached, and 
hence the chance of incorporation increases. This is evidenced by the higher 
attainable molecular weights at higher temperatures. More end-groups can take 
part in the outer-outer (paragraph 1.2.3.) reactions, leading to higher molecular 
weights. However, especially at 215 °C cross-linking reactions (Scheme 9.1d) 
obviously start taking place on significant scale, as evidenced by the increase in 
PDI as function of time. At the other temperatures, generally the PDI either 
decreases (implying conversion of low molecular weight materials into higher 
molecular weight chains) or remains relatively constant as function of the tssm. In 
conclusion, the molecular weight is limited by the occurrence of the reactions 
depicted in Scheme 9.1b-c, which take place on a larger scale when the P1 content 
is increased. This is most probably related to the morphology of the physical 
mixtures. Moreover, PDI values are relatively high due to the aforementioned 
reactions. 
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As stated above, the crystallization of the PB4T species, formed by the 
homocondensation of the pentamer, could be limiting the molecular weight and 
lead to an increase in the PDI values of the poly(ester amide)s. The extent of this 
process is influenced by the dispersion of the pentamer throughout the amorphous 
phase of the physical mixtures. Similar to the Glux-based physical mixtures 
described in Chapter 8 (Figure 8.7), it is possible that the pentamer has crystallized 
in the amorphous phase of the physical mixtures prior to the SSM reaction. The 
presence of P1 crystals would significantly increase the chance of the 
homocondensation reaction of occurring. To study the possible presence of P1 
crystals, differential scanning calorimetry (DSC) and wide-angle X-ray diffraction 
(WAXD) were used to analyze the physical mixtures prior to the SSM process. The 
DSC thermograms of the various physical PBT/P1 mixtures are presented in Figure 
9.5. For this analysis the first heating run of the thermograms must be used. After 
the first heating run, the morphology of the materials will most probably have 
changed due to the reactions involving the pentamer. A few processes occur 
simultaneously during this heating run, viz. melting of the pentamer and PBT, and 
the incorporation and homocondensation reactions of the pentamer.  
 

 
FIGURE 9.5. Thermograms of the PBT/P1-based physical mixtures with varying 
amounts of P1.  
 
From the thermograms displayed in Figure 9.5 a few trends can be deduced. First 
of all, the dual melting endotherm of the PBT crystalline phase (220 °C) shifts to a 
lower temperature with increasing mol% P1. Since these physical mixtures are 
prepared via the common solvent approach, these contain a large rigid amorphous 
fraction (RAF).11,12 Mobility restrictions prevent melting and recrystallization from 
taking place during the heating run. The smaller crystals formed during the 
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sample preparation melt, which is observed as the endotherm at the lower melting 
temperature (218 °C). Two additional endotherms can be distinguished, viz. at 190 
°C and 202 °C, as the pentamer content is increased. The thermogram of P1 itself 
shows two endothermic signals (190 °C and 202 °C) and one exothermic signal (218 
°C). Clearly, the endotherms at 190 °C and 202 °C in the thermograms of the 
physical mixtures are related to the melting of the pentamer crystals. These results 
suggest that, when more than 5 mol% pentamer is present in the physical mixture, 
this compound is (at least) partially present as P1 crystals. To corroborate these 
findings, WAXD was used to study the PBT/P1-based physical mixtures, prior to 
the SSM reaction. The obtained diffractograms are comparatively shown in Figure 
9.6. 
 

 
FIGURE 9.6. WAXD diffractograms of the PBT/P1-based physical mixtures (prior 
to SSM). 
 
The WAXD reflections shown by the pure pentamer are similar to the reflections of 
PBT, complicating the verification of the presence of P1 crystals. However, when 
the patterns corresponding to 13 and 15 mol% P1 are studied there is a relatively 
large increase with respect to pure PBT in the intensity of the reflection at 23°. This 
suggests the presence of P1 crystals in these physical mixtures. DSC proved that 
the P1 crystal formation already takes place at 9 mol%, but from WAXD it is not 
possible to verify this statement. The presence of a low quantity of these crystals 
could preclude their verification from the WAXD data. The DSC and WAXD 
results support the theory that the pentamer can be (partially) present as a separate 
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crystalline compound within the physical mixtures prior to the SSM reaction. The 
presence of these crystals increases the chance of the homocondensation reaction 
taking place during the SSM reaction because of the relatively high concentration 
of P1 residues in certain areas. These P1-rich regions could cause more 
homocondensation of P1 to occur and consequently limit the attainable molecular 
weight of the entire copolymer mixture. The presence of PB4T-based crystalline 
structures after the SSM reaction will be studied below. 
The phase structure of the physical mixtures has a significant influence on the 
course of the reaction. However, more importantly it can be concluded that it was 
possible to prepare poly(ester amide)s from these physical mixtures by SSM. 
 
9.3.2. Characterization of the poly(ester amide)s 
The obtained poly(ester amide)s (Table 9.1) were analyzed using various analytical 
techniques such as NMR spectroscopy, WAXD and DSC. First of all the molecular 
structure of the poly(ester amide)s needed to be verified. As presented before 
NMR spectroscopy proved to be an excellent technique to evaluate the molecular 
structure of these materials. In Figure 9.7, representative 1H-NMR and 13C-NMR 
spectra of a poly(ester amide) are presented. 
All the resonances shown in Figure 9.7a could be assigned to the magnetically 
different protons along the backbone of the poly(ester amide). The presence of 
both ester- and amide-linkages is obvious from the data. At first glance no 
unexpected peaks are observed, but after a more detailed evaluation of the spectra 
an interesting resonance is observed. A small resonance at 3.9 ppm (Figure 9.7a) is 
observed in the spectra of all the poly(ester amide)s and this resonance 
corresponds to the hydrogens at the carbon atom next to the unreacted hydroxyl 
group of the pentamer (signal h, Figure 9.1). Interestingly, the integral value of this 
resonance increases with decreasing SSM temperature. Apparently more pentamer 
end-groups are preserved at lower temperatures. This is also evidenced from the 
lower molecular weight which is obtained when the SSM reaction is performed at 
lower temperatures. The presence of these unreacted functional groups suggests 
that these are trapped by the PB4T crystallization. This process occurs to a larger 
extent at lower temperatures. To verify the molecular structure of the poly(ester 
amide)s, 13C-NMR spectroscopy was performed in conjunction with 1H-NMR 
spectroscopy. 
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FIGURE 9.7. a) 1H-NMR and b) 13C-NMR spectrum of a poly(ester amide) with 9 
mol% P1 incorporated into the backbone (Entry 10, Table 9.1). The inset in Figure 
9.7a is a zoom-in on the region around 3.9 ppm. A representative structure of the 
polymer backbone with the assigned resonances is shown above the spectrum. 

 
A representative 13C-NMR spectrum is presented in Figure 9.7b. This spectrum 
confirms the molecular structure of the poly(ester amide)s.  
To elucidate the molecular structure of the poly(ester amide)s further, Fourier 
transform infrared spectroscopy (FTIR) was used. More specifically, the presence 
of branches or cross-links was evaluated. These non-linear structures are the result 
of the reaction presented in Scheme 9.1d and could play a role in increasing the 
PDI of the poly(ester amide)s. Unfortunately, FTIR was not able to distinguish 
between the presence of primary and secondary amide-groups. The signals related 
to the specific vibrations of these residues overlapped.  
 
9.3.3. Thermal evaluation of the PBT-based poly(ester amide)s 
The thermal stability of the poly(ester amide)s was evaluated using 
thermogravimetric analysis (TGA). It was reported that the incorporation of more 
rigid structures can have a positive effect on the thermal stability of PBT-based 

a) b) 
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copolyesters.13 Gaymans et al.14 studied similar poly(ester amide)s and found no 
influence of the amide containing segments on the degradation patterns. 
Conversely, from a study performed by Pilati et al., an apparent increase of the 
degradation rate was observed when amide functionalities were present at the 
para-position to the ester bonds.15 In the present study, the thermal stability of the 
poly(ester amide)s prepared from PBT and P1 is hardly influenced by the 
pentamer content. The 5 wt% loss temperature was found to be in the proximity of 
340-355 °C. The temperature of maximum degradation rate is in the range of 390 
°C, which is similar to neat PBT. 
 
TABLE 9.2. Thermal properties of the poly(butylene terephthalate)-based 
poly(ester amide)s. Entry numbers correspond to entry numbers given in Table 9.1. 

  First heating 
run 

 Second 
heating run 

 

Entry Amide  
content (mol%) 

Tm1 

(°C) 
ΔHm1 
(J/g) 

Tc  

(°C)a 

Tm2 

(°C) 
ΔHm2 
(J/g) 

ΔT 
(°C)b 

1 
0 

222 66.9 195 222 42.7 27 
2 221 72.1 190 221 39.4 31 
3 228 75.6 188 220 32.5 32 
4 

2.5 
222 80.4 209 221 52.7 12 

5 224 78.9 209 221 50.2 12 
6 228 76.1 209 221 48.9 12 
7 

5 
220 72.4 210 222 54.6 12 

8 226 70.4 210 222 47.8 12 
9 232 60.0 210 222 44.2 12 
10 

9 
222 62.9 208 222 46.0 14 

11 227 64.3 206 222 42.1 16 
12 236 65.5 206 221 36.9 15 
13 

13 
218 61.2 211 222 40.1 11 

14 224 59.0 207 222 38.3 15 
15 232 54.0 208 221 35.3 13 
16 

15 
221 62.9 212 221 42.5 9 

17 228 58.3 209 222 27.3 13 
18 233 55.8 210 222 29.0 12 

a Tc is the onset of crystallization temperature; b ΔT is defined as ΔT = Tm2 – Tc. 
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All the poly(ester amide)s were thermally characterized using DSC and the results 
are presented in Table 9.2. Clearly, all the obtained poly(ester amide)s are semi-
crystalline materials and various trends can be distinguished from the results 
presented in Table 9.2. The Tg values obtained for these poly(ester amide)s are in 
the order of 45-54 °C. Because PBT copolymer materials with retained Tg values 
are obtained, the first requirement (stated in the introduction) is met. 
The melting temperatures obtained from the first heating run of the poly(ester 
amide)s increase with increasing pentamer content but level off above 9 mol% 
(Figure 9.8).  
 

 
 

 
FIGURE 9.8. The thermograms in the region of a) 160 °C to 330 °C and b) 260 °C to 
330 °C of the first heating run obtained for the materials prepared at 215 °C (entries 
3, 6, 9, 12, 15 and 18, Table 9.1) with increasing P1 content. c) Shows a zoom on the 
temperature region between 190 °C and 260 °C of 3, 6 and 9 (Table 9.1). 
 
Moreover, there is an increase Tm value (obtained from the first heating run) per 
composition with increasing SSM temperature (Note: per composition an 
increasing entry number implies a higher Tssm). A decrease in the melting 

a) b) 

c) 
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temperature obtained directly after SSM was already reported in other studies.2, 16 
Therefore, an increase in melting temperature as function of the P1 content was not 
expected, but can be explained by a more pronounced crystal perfectioning process 
during the SSM reaction with increasing P1 content (see further for a suggested 
explanation for this phenomenon). The increase of the melting temperature of PBT-
based poly(ester amide)s with respect to pure PBT was reported before by 
Gaymans.4,17 In addition, Goodman et al.18 suggested that when the amide 
segments would be incorporated into the crystalline lattice this would lead to an 
increase in the melting temperature of the materials. However, from literature it is 
known that PBT and Nylon 4,T do not co-crystallize,17 thus this cannot be the case. 
In the study performed by Gaymans et al.,17 a structurally regulated crystallization 
process was proposed for their materials. The amide-containing segments were 
thought to order from the melt first, followed by adjacent crystallization of the PBT 
segments. This so called amide-adjacent crystallization is depicted in Figure 9.9 
and discussed in more detail below. 
 

 
FIGURE 9.9. Schematic representation of amide-adjacent crystallization of 
poly(ester amide)s (reproduced with the permission of Elsevier).17 
 
In the present study this reorganization occurs during SSM in the solid state and it 
is thought that the amide-containing segments can form aggregates during the 
SSM reaction. The PBT reorganizes surrounding the amide-containing aggregates 
and during the SSM reaction it has sufficient time to anneal and yield more perfect 
(or thicker) lamella. This process is more pronounced at higher temperature due to 
the more efficient annealing. In addition, after the chain scission reaction the 
mobility in the amorphous phase is relatively high, yielding a more efficient  
annealing process.  
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Samples containing more than 5 mol% P1 show two additional endotherms (Figure 
9.8b) at approx. 280 °C and 310 °C, respectively. These melting endotherms are 
assigned to the melting of the PB4T crystalline structures. These could be assigned 
using the analysis of a sample of neat PB4T (Mn = 3.1 kg/mol, PDI = 2.5), which 
showed two melting endotherms at 284 °C and 321 °C, respectively. The 
conclusion can be drawn that poly(ester amide)s containing more than 5 mol% P1 
most likely contain PB4T crystalline structures. The reaction(s) by which the 
chains, making up the crystalline PB4T structures (b or c in Scheme 9.1), are 
formed cannot be exactly identified. However, it is obvious that these reactions do 
occur during the SSM of PBT and P1.  
Moreover, from Figure 9.8c it is noted that the poly(ester amide)s containing 2.5 
and 5 mol% shows an exothermic signal during the first heating run, immediately 
after the melting of the PBT crystalline phase. This exotherm is attributed to the 
ordering (or crystallization) of the amide-containing segments in the PBT melt. 
These two poly(ester amide)s do not exhibit melting endotherms around 280 or 310 
°C, thus the exotherm observed for the materials containing 2.5 or 5 mol% 
indicates the aggregation of the amide-containing segments. However, this does 
not preclude the formation of such aggregates during the SSM reaction. Poly(ester 
amide)s containing more than 5 mol% P1 do not show such an exothermic signal. 
Apparently, within these samples the aggregates or crystals were already formed 
during the SSM reaction. 
When the onset of crystallization temperature (Tc) is studied it is clear that the 
addition of P1 leads to a significant increase. The onset of crystallization 
temperatures are observed at temperatures far above 200 °C for all samples and 
even higher than 211 °C for some specific samples (see Table 9.2). Clearly these 
materials crystallize more readily from the melt compared to neat PBT, which 
presents onset temperatures in the range of 190 °C depending on the molecular 
weight (see Table 9.2, Entries 1-3). The poly(ester amide)s do not present such a 
strong dependency on the molecular weight (see Table 9.2, Entries 4-18). The 
increased crystallizability might be related to the earlier mentioned pre-ordering 
effect of the amide containing structures in the PBT-based polymeric materials 
(Model suggested by Gaymans, see Figure 9.9).16 The amide-containing segments 
present in these poly(ester amide)s are aggregated (or crystallized) and would act 
as nucleating sites. These aggregates can consist of the amide segments present in 
multiple chains (formed by the reaction depicted in Scheme 9.1a), of the amide 
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segments present in one polymeric chain (formed in the reaction depicted in 
Scheme 9.1c ) or amide containing particles present as discrete objects in in the 
amorphous phase, formed by the crystallization of neat PB4T (Scheme 9.1b). It is 
thinkable that both the attached and free polymeric aggregates or crystals could act 
as nucleation points for the PBT chains. However, when the amide-containing 
aggregates are attached to the backbone, the PBT chains would be pre-aligned on 
the surface of these amide containing structures, leading to an even easier 
crystallization process. That these poly(ester amide)s crystallize more readily 
compared to PBT is also evident from the ΔT (ΔT = Tm – Tc) values obtained for the 
poly(ester amide)s. The obtained values are in the order of 10-15 °C, irrespective of 
the amide content, whereas pure PBT shows ‘supercooling’ values of 27-35 °C. 
That no composition dependence seems to exist for the required supercooling of 
the poly(ester amide)s shows that probably lower amounts of pentamer can be 
used to generate this nucleating effect.  
Besides the higher onset of crystallization temperatures, the crystallization 
exotherm observed for the poly(ester amide)s is narrower compared to the 
exotherm obtained for neat PBT (Figure 9.10).  
 

 
FIGURE 9.10. Comparative overview of the crystallization exotherms of PBT and 
three PBT-based poly(ester amide)s. 
 
The nucleation density of these poly(ester amide)s is higher compared to that of 
neat PBT. These nuclei are formed over a very small temperature range and start 
growing at the same time. Such a narrow crystallization exotherm also suggest that 
the crystallization is a very rapid process yielding crystalline lamella of rather 
uniform thickness. The heat of crystallization decreases with increasing pentamer 
content, which could point to the hindering effect of the comonomer as the P1 
content is increased. However, from these crystallization exotherms it is clear that 
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the PBT chains have no problem diffusing towards the crystal growth front, which 
was reported for the biphenyl-based materials prepared by Jansen et al.11 
It is interesting to note that all materials show similar melting points (220-222 °C) 
during the second heating run. The improved crystallizability does not yield 
materials with increased lamellar thicknesses. Apparently, in addition to the 
amide-adjacent crystallization, the material needs some annealing time to reach 
higher melting points. This was corroborated by DSC results obtained from an 
annealing experiment of a poly(ester amide) which was crystallized from the melt. 
After 6 hrs of annealing at 215 °C, the resulting melting point was in the order of 
230 °C. During the second heating run a decrease in the ΔHm values is noticed as 
function of increasing P1 content and reaction temperature. The nucleation is 
promoted by the amide-containing structures, but at these high contents, these 
comonomer residues do slightly physically hinder the crystal growth. The 
decreasing ΔHm values with increasing reaction temperature can be explained by 
the higher molecular weight of these samples. The higher molecular weight leads 
to a higher melt viscosity and consequently a lower chain mobility and 
crystallinity.  
At this point, an important conclusion can be drawn: it is possible to prepare PBT-
based materials with retained Tg values and improved crystallization features by 
incorporating amide-containing building blocks into the PBT main chain by SSM. 
These poly(ester amide)s show a better crystallizability from the melt than neat 
PBT and up to a P1 content of 9 mol% the materials are also exhibiting higher heats 
of melting than PBT. The amide-containing aggregates act as nucleating sites for 
the PBT. Moreover, it was clear that this effect was already present at the lowest 
comonomer content.  
In order to study if just blending PBT with similar amounts of P1 would yield 
similar crystallization properties, such blends were prepared and evaluated. The 
results of this study are presented in paragraph 9.3.5. However, first the crystalline 
structure of the poly(ester amide)s is evaluated. 
 
9.3.4. Crystalline structure of the poly(ester amide)s 
To study the crystalline structure of the poly(ester amide)s and to corroborate the 
presence of the PB4T crystallites as suggested by our DSC results (Figure 9.8b), 
WAXD was used. The presence of crystalline PB4T structures, as suggested by 
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DSC, is a strong indication of the occurrence of the reactions presented in Scheme 
9.1b-c.  
In the past, Gaymans et al.17 have described that PBT and nylon 4,T do not co-
crystallize from the melt. However, as indicated by DSC (Table 9.2), a significant 
reorganization occurred during the SSM reaction. In Figure 9.11, the WAXD 
patterns of the poly(ester amide)s, directly after SSM at 195 °C, are shown. The 
diffractograms of the other poly(ester amide)s are similar and therefore not 
presented. 
 

 
FIGURE 9.11. WAXD patterns of the PBT-based poly(ester amide)s prepared by 
SSM at 195 °C. The PB4T (100%) was prepared at a temperature of 205 °C. 
 
The reflections originating from the PBT crystalline lattice are evident in all 
poly(ester amide)s and no additional reflections are observed. Clearly, the crystal 
structure of PBT is retained during the SSM process, even though reorganization 
might have occurred during SSM. When the pattern of PB4T (100%, Figure 9.11) is 
compared to the one of PBT (0%, Figure 9.11) these prove to be very similar. This 
makes collecting evidence for the presence of PB4T crystals challenging. However, 
when the reflections at the 2θ-values of 16.9° and 22.9° are closely studied subtle 
changes are noticeable. When more than 5 mol% of P1 is incorporated, these 
signals seem to have become broader. This could indicate that the crystallites 
within the sample have become smaller, but it could also indicate the overlap of 
multiple reflections, which is expected when PB4T crystalline structures are 
present within the material. These experiments, performed at room temperature, 
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give only limited information and for the verification of the presence of PB4T 
crystals additional data is required.  
To this end, WAXD was also performed at 280 °C, which is above the main melting 
endotherm of the PBT-based material. The samples were heated in the X-ray beam 
and using a 2D detector the diffractograms were obtained. No orientation of the 
crystallites was observed, thus the 2D WAXD diffractograms were integrated over 
the whole 360° range (Figure 9.12). 
 

 
FIGURE 9.12. WAXD diffractograms of the poly(ester amide)s prepared by SSM at 
195 °C recorded at 280 °C. 
 
This WAXD data proves the presence of PB4T crystallites in materials which 
contain more than 2.5 mol% P1. Using DSC (Figure 9.8b), it was proven that for 
poly(ester amide)s with more than 5 mol% of incorporated P1 residues, these 
contained an additional crystal phase. Within the poly(ester amide) containing 5 
mol% only a very low amount of crystallites could be present, which could be the 
reason that these do not give an observable melting endotherm in the DSC 
thermograms. Nevertheless, these results corroborate the DSC data and it can be 
concluded that the reactions presented in Scheme 9.1b-c obviously do occur. 
Therefore, it is likely that the molecular weight limitations are caused by the 
trapping of the active functional groups by the crystallization of the PB4T. 
So, preparing PBT-based poly(ester amide)s is possible using SSM. However, at P1 
contents exceeding 2.5 mol%, the homocondensation of the comonomer leads to 
crystalline structures which limit the attainable molecular weight of the materials.  
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9.3.5. PBT-based pentamer blends 
To study if similar thermal properties could be obtained by solution blending a 
high molecular weight (Mw = 188 kg/mol, PDI = 2.4) PBT sample, which was 
prepared by SSM, with this pentamer, various blends of these two were prepared. 
Triphenyl phosphate (1 wt%) was added to the blends to deactivate the titanium-
based catalyst. This should prevent the incorporation or homocondensation of the 
pentamer during the DSC experiments. The thermal properties of these blends are 
presented in Table 9.3. 
 
TABLE 9.3. Thermal properties of the solution blended PBT-based polymeric 
materials. 

Entry P1  
content 
(mol%) 

Tm1  

(°C) 
Tc 

(°C)a 

Tm2 

(°C) 
ΔHm2 
(J/g) 

ΔT 
(°C) 

PBT 0 229 185 222 24.7 37 
19 2.5 216 195 222 40.0 27 
20 10 216 200 219 40.6 19 
21 15 202/220b 214 225 32.7 11 

a Tc is the onset of crystallization temperature; b Sample shows a dual melting 
behavior. 
 
It is clear from the data presented in Table 9.3 that when the pentamer is not 
chemically incorporated into the PBT main chain, but merely is present as a blend 
component, also a better crystallizable material than pure PBT is obtained. The Tc 
values of the blended materials have increased and the ΔT values have decreased, 
when compared to neat PBT (Table 9.3). If we compare the onset of crystallization 
or ΔT-values of entries 6 (Mw = 229 kg/mol) and 12 (Mw = 161 kg/mol) (chemically 
incorporated pentamers, Table 9.2) with the corresponding values of entries 19 and 
20 (physical blends of PBT and pentamers, Table 9.3), which have similar 
molecular weights, the poly(ester amide)s show a better crystallizability from the 
melt. It is therefore obvious that for the observed differences in crystallization 
behavior the differences in molecular weight play a less important role than the 
nucleating effect of the (chemically bound) pentamers. As stated above, when the 
pentamer is incorporated and it shows aggregation, the connecting PBT chains 
most probably become pre-oriented. The amide-adjacent crystallization (Figure 
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9.9) is apparently more efficient compared to conventional nucleation. At 15 mol% 
P1 contents this effect may be less visible because of the larger amount of pentamer 
acting as nucleation sites.  
So, it proves to be important to chemically incorporate these segments into the PBT 
backbone when smaller amounts are used. However, it must be kept in mind that 
the amounts used in this study far surpass the amounts used for normal nucleating 
agents.   
 
9.4. CONCLUSIONS 
Various poly(ester amide)s were prepared by the solid-state modification (SSM) of 
PBT with a pentamer (P1) based on 1,4-butanediamine, terephthalic acid and 1,4-
butanediol. The molecular structure of this pentamer was studied and confirmed 
by various analytical techniques such as nuclear magnetic resonance (NMR) 
spectroscopy and matrix-assisted laser desorption/ionization time of flight mass 
spectrometry. 
Five physical mixtures were prepared from P1 and PBT and these were subjected 
to SSM at three different temperatures. The reaction temperature and P1 content 
both influenced the final attainable molecular weight. The inherent reaction rate, 
condensate diffusion and active functional group content were used to explain the 
temperature dependence. The dependence of the molecular weight on the P1 
content was ascribed to the differences in the active functional group content. At 
high P1 contents the homocondensation reaction of the pentamer, forming PB4T, is 
competing with its incorporation into the PBT backbone. The PB4T segments 
crystallized at a certain, rather low molecular weight, forming PB4T crystals 
consequently trapping the active functional groups. The presence of the PB4T 
crystallites was proven using differential scanning calorimetry (DSC) and wide-
angle X-ray scattering (WAXD).  
The thermal behaviour of the poly(ester amide)s was studied using DSC. From the 
first heating runs an increased melting point of the poly(ester amide)s was 
observed. Crystal perfectioning occurring via amide-adjacent reorganization 
seemed to be the prevalent process. Interestingly, the poly(ester amide)s showed 
significantly higher onset of crystallization temperatures. This increase was 
attributed to the nucleating effect of the amide containing aggregates. Their 
presence in the main chain would pre-orient the first PBT segments around these 
aggregates and therefore lower the energy it requires for the material to crystallize. 
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This was evidenced by the much smaller influence on onset of crystallization 
temperature of the pentamer when it was only physically blended with a PBT 
sample.  
Therefore, it is evident that by incorporating an amide-containing pentamer into 
the backbone of PBT by SSM it was possible to obtain a material which has a 
retained Tg value and improved crystallization features with respect to pure PBT. 
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Chapter 10. Epilogue 
 
10.1. HIGHLIGHTS 
The use of bio-based monomers within the chemical industry is growing, but very 
few bio-based chemicals are actually used on industrial scale, fatty acids as 
building blocks for alkyd resins being one of the exceptions confirming this rule. 
Within the framework of this project we aimed for the incorporation of bio-based 
monomers in polycondensates for coating and engineering plastic applications. 
The evaluation of the prepared polymeric materials as possible industrially feasible 
applications was an important factor within this project. 
Novel 2,5-furandicarboxylic acid (FDCA)- or dimethyl-2,5-furandicarboxylate 
(DMF)-based (co)polyesters were prepared by melt polycondensation. These 
furanic building blocks were polymerized with 2,3-butanediol yielding poly(2,3-
butylene-2,5-furandicarboxylate). A systematic study was performed in order to 
determine the appropriate reaction conditions which would yield (co)polyester 
materials suitable for coating applications. Using the developed procedure, several 
series of furan-based (co)polyesters were prepared. Various comonomers such as a 
fatty acid dimer diol or the multifunctional glycerol, trimethylolpropane or 
pentaerythritol were used to tune the properties and the average functionality of 
the obtained coating resins. All the (co)polyesters were fully molecularly and 
thermally characterized and subsequently evaluated as coatings resins. The furan-
based copolyesters were used as resins in various coating systems applied by 
either a solvent-borne or powder coating approach. Solvent-borne coatings were 
studied using two different curing agents, viz. the trimer of hexamethylene 
diisocyanate (trade name: Desmodur N3600) or the ε-caprolactam-blocked trimer 
of isophorone diisocyanate (trade name: Vestagon B1530). Clear and transparent 
coatings were successfully prepared using this method. Coatings cross-linked with 
Desmodur N3600 had superior mechanical properties, showing good solvent 
resistance for all the coatings and acceptable impact resistance for some of the 
poly(ester urethane)-based coatings. Coatings cross-linked with Vestagon B1530 
were all brittle materials and only showed reasonable solvent resistance when 
branched copolyesters were used as basis for the coatings. The very brittle 
behavior of these coatings was caused by the very stiff network formed after cross-
linking with Vestagon B1530. This was illustrated by the high Tg values of these 
cured coatings. In addition, an insufficiently cross-linked network could have 
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caused the poor mechanical properties. The reaction between the secondary 
hydroxyl groups of the resin and the blocked isocyanate groups did not yield a 
densely cross-linked network. The addition of the fatty acid dimer diol to the 
polymerization reaction mixture increased the flexibility of the poly(ester 
urethane)-based coatings. Powder coatings were prepared from the FDCA- and 
DMF-based (co)polyesters, exclusively using Vestagon B1530 as the curing agent, 
and their performance was similar to the Vestagon-cured solvent-borne coatings. 
In general, coatings from branched copolyesters outperformed the coatings 
prepared from linear polyester resins. In view of all the obtained results it can be 
stated that furan-based polyester copolyesters could be interesting coating resins, 
certainly for applications where the impact resistance of the coatings is less critical.   
In addition to the above presented work, solid-state modification (SSM) was used 
to prepare poly(butylene terephthalate) (PBT)-based copolyester materials using 
various bio-based compounds, viz. a fatty acid dimer diol (FADD), 1,18-
octadecanediol (C18-diol) and 2,4:3,5-di-O-methylene-D-glucitol (Glux). The 
successful incorporation of the comonomers into the PBT backbone was proven by 
various analytical methods. The chemical microstructure of the copolyester 
materials was studied and it was shown that the FADD-based copolyesters had a 
non-random chemical microstructure, whereas the Glux-based materials were 
essentially random. Consequently, the morphology of the FADD-based 
copolyesters was studied in great detail using various techniques such as small-
angle X-ray scattering and transmission electron microscopy. The morphology of 
the FADD-based materials could be described with a two-phase or three-phase 
model, depending on the composition of the copolyester. The two-phase model 
comprised of a PBT crystalline and a more or less homogeneous PBT-rich 
amorphous phase. In addition to these phases, the three-phase model also 
included a clearly phase separated FADD-rich amorphous phase. Initially it 
seemed that at FADD contents of 20 wt% and higher, the three-phase model was 
accurate whereas the two phase-model was valid for lower FADD contents. 
However, dynamic mechanical thermal analysis (DMTA) proved that the 
copolyester containing 10 wt% also showed two Tg values, suggesting a non-
homogeneous amorphous phase.  
The thermal properties of all the PBT-based copolyesters were evaluated and the 
influence of the copolyester composition, the molecular structure of the 
comonomer and the morphology of the material on these properties were 
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elucidated. The more rigid Glux residues lead to an increase of the Tg value, 
whereas the incorporated flexible FADD residues decreased Tg. However, the 
phase-separated morphology of the FADD-based copolyesters yielded retained 
crystalline features (Tm and Tc) even after prolonged times in the melt and in the 
presence of a good transesterification catalyst. The Glux-based materials showed 
randomization of the chemical microstructure after some time in the melt, which 
led to the deterioration of the thermal properties (meaning a lowering of Tm and 
Tc). When the FADD-based materials prepared by SSM were compared to 
materials with similar overall chemical compositions prepared by melt 
copolymerization (M-PC), the advantages of using SSM were clear. The materials 
prepared by SSM showed higher crystallization and melting temperatures because 
of the long PBT sequences, which were retained during SSM, and as stated above 
the PBT/FADD-based copolyesters prepared by SSM did not randomize in the melt 
because of the phase-separated morphology. Finally, the mechanical properties of 
the PBT/FADD-based copolyesters which were prepared by SSM were evaluated. 
It could be shown that the incorporation of the FADD into the backbone of these 
materials increased the strain at break but lowered the E-modulus. In conclusion, 
from these studies it was shown that SSM is a powerful tool for the preparation of 
copolyester materials with unique morphologies and properties. Moreover, the 
presence of a phase-separated morphology in the melt leads to better crystalline 
features, due to the virtual absence of randomization. 
Motivated by these results, a series of PBT-based materials was targeted where the 
Tg values as well as the crystalline features would be retained. Therefore, SSM was 
used to incorporate a 1,4-butanediamine containing pentamer, yielding a series of 
PBT-based poly(ester amide)s. The molecular weight of the obtained poly(ester 
amide)s proved to be dependent on the reaction temperature as well as on the 
pentamer content. The increasing molecular weight with increasing temperature 
could be explained by the larger amount of end-groups which can take part in the 
SSM reaction at higher temperatures. That the molecular weight decreased with 
increasing pentamer content was explained by the crystallization of the product of 
the homocondensation reaction of the pentamer, which is the alternating poly(ester 
amide) consisting of PBT and Nylon 4,T segments (PB4T). This crystallization 
process trapped active functional groups during the SSM process, thus limiting the 
molecular weight. The presence of the PB4T crystalline phase within these samples 
confirmed this hypothesis. The PBT-based poly(ester amide)s showed Tg values 
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which were in the range of neat PBT, but showed improved crystallization from 
the melt. The present amide-containing aggregates obviously were able to act as 
nucleating sites for the PBT, thereby improving the crystallization behavior of 
these materials. When these results were compared to physical blends of PBT and 
the pentamer, to study the nucleation effect of the pure pentamer, it could be 
concluded that the chemical incorporation of the pentamer into the PBT chain led 
to a more improved crystallizability. The chains which are covalently attached to 
the amide-containing aggregates are pre-aligned, making crystallization easier. 
The aim of this study was reached because PBT-based materials with retained Tg 
values and improved crystallization features were obtained.  
 
10.2. TECHNOLOGY ASSESSMENT 
Working on industrial relevant systems has been an important part of this project. 
Therefore, evaluating if the polymer systems studied in this project could be 
applicable in industry was also considered as one of the aims.  
The furan-based coating resins were prepared using a conventional melt 
polycondensation approach, a method widely used in industry. However, the 
relatively long reaction times which were necessary because of the inherently low 
reactivity of secondary hydroxyl-groups of the renewable 2,3-butanediol (2,3-BD) 
is an issue. Moreover, obtaining high molecular weight polycondensates using the 
described combination of monomers is difficult. Choosing a very active catalyst 
system might decrease the reaction time, but this may not entirely solve this 
problem. A more promising approach would be to use 2,3-BD in combination with 
compounds containing primary hydroxyl groups to increase the overall reactivity 
of the system. The secondary hydroxyl groups would still need to participate in the 
polycondensation reaction, but a polyester of sufficient molecular weight could be 
prepared in a shorter timeframe. The incorporation of 2,3-BD would increase the 
Tg values, hydrolytic stability and possibly yield amorphous materials. Moreover, 
by the addition of aliphatic, primary diols more flexible coatings could be targeted 
by tuning the rigid/flexible character of the resin. In addition, the furan-based 
diacid could be partially replaced by diacids such as adipic or sebacic acid, which 
would yield poly(ester urethane)-based coatings with a more flexible character.   
In general, solid-state modification (SSM) has been shown to be a very versatile 
technique for the preparation of semi-crystalline copolymers. Because of the 
relatively mild reaction conditions, thermally sensitive monomers (like e.g. sugar 
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derivatives) can be used in this process and can be readily incorporated into semi-
crystalline polyesters. Moreover, the fact that the crystalline features are often 
retained during SSM makes this a very interesting (co)polymerization approach. 
Combining SSM with phase separation yields materials with novel properties 
which are unattainable using other polymerization approaches. Nevertheless, there 
are issues to be solved with implementing SSM or these PBT-based systems at an 
industrial level. First of all, during this PhD study the preparation of the physical 
mixtures of poly(butylene terephthalate) and the comonomers was performed 
using 1,1,1,3,3,3-hexafluorisopropanol (HFIP) as the solvent. For industrial 
applications using HFIP is not possible due to its high cost, toxicity and because it 
is a very corrosive solvent. Therefore, the common solvent approach reduces the 
industrial potential of this polymerization process. However, if the physical 
mixtures could be prepared by another approach this could make this SSM process 
more applicable. The direct co-extrusion of PBT and FADD would probably not 
yield the desired effect because of difficulties related to the dosing and dispersion 
of the FADD. Moreover, the FADD would most likely react with the PBT during 
this process because of the presence of the titanium-based catalyst. However, co-
extruding a PBT/FADD master-batch, in which the catalyst needs to be 
deactivated, with a normal PBT grade would possibly yield the most interesting 
results. This master-batch should be prepared by the extrusion of a PBT with 
relatively low molecular weight, a phosphate-based compound and the FADD. 
However, it is questionable if the desired degree of comonomer dispersion could 
be reached by this method.  
Another, possibly more academic approach would be the ring opening 
polymerization (ROP) of cyclic butylene terephthalate (cBT) using a hydroxyl end-
capped fatty acid dimer diol-terephthalate prepolymer as the basis or as 
comonomer (Figure 10.1).1–4  
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FIGURE 10.1. Proposed reaction scheme for the preparation of PBT/FADD-based 
copolyester via the ring-opening polymerization of cBT. 
 
Since cBT forms a low viscous melt, the FADD could be readily dispersed within 
this medium. After the ROP, a blocky copolyester would be obtained which could 
show similar morphologies and performance. At this moment cBT is used for the 
preparation of PBT-based composite materials and it is readily available in high 
purity. 
Another limitation related to SSM is that, even though the reaction conditions are 
relatively mild, there are some restrictions towards the nature of the comonomers. 
The comonomers should have two primary functional groups and a very low 
volatility. Because of the large surface area of the powder in combination with the 
strong gas flow applied through the reactor, the comonomer removal  during SSM 
takes place more readily compared to M-PC. For too volatile monomers or 
monomers with functional groups other than primary functional groups, an 
oligomer approach could be envisioned. However, the derivatization of these 
compounds on an industrial scale is probably too expensive.  
The final factor which complicates the application of SSM as a viable 
polymerization approach for industry is the processability of these materials. 
Remarkable three-phase morphologies were reported in this thesis, but there is a 
chance that after processing by extrusion or injection molding a random copolymer 
is obtained. This would significantly reduce the advantage of SSM over M-PC, 
although SSM would still remain a good technology to incorporate thermally 
sensitive monomers into the backbone of high-melting, semi-crystalline polymers 
at moderate reaction temperatures. A possible and industrially applicable solution 
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to limit randomization during processing of the SSM products would be to 
deactivate the titanium-based catalyst present in the copolyester by the addition of 
e.g. triphenyl phosphate.5 Phosphate compounds complex the titanium catalyst 
and rendering it inactive. 
If all the factors, which have been described above, are taken into account, it is 
unlikely that SSM, exactly using the method applied in this thesis, will become a 
viable polymerization approach for industrial applications. However, with some 
technological adaptions as mentioned in this epilogue SSM may become feasible in 
the future.  
  
10.3. OUTLOOK 
Many papers have described the use of furan-based monomers for engineering 
plastic applications such as poly(ethylene-2,5-furandicarboxylate). This thesis has 
pioneered the use of FDCA or DMF as monomers for coating resin applications. In 
the light of the obtained results, a study towards more flexible coatings would be 
desired. As proposed earlier, the addition of more flexible comonomers is an 
interesting possibility. Moreover, using 2,3-BD as a comonomer in combination 
with primary diols would possibly be a more favorable route. This will most 
probably lead to reduced polycondensation times, while still amorphous, high Tg 
materials could be obtained. Partially replacing the furan-based monomer by a 
linear diacid or by cyclohexane diacid could be another possible option.  
 

 
FIGURE 10.2. The Diels-Alder reaction between furfuryl end-capped polymeric 
chains and a tris(malemide). 
 
Within the scope of this research, only conventional isocyanate-based cross-linkers 
were used. Since, isocyanate-based cross-linkers are often toxic the use of these 
cross-linkers is not always desirable. Therefore, another curing chemistry would be 
preferred. As an initial study, which was not included in this thesis, Diels-Alder 
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chemistry was studied as cross-linking mechanism. However, within the 
timeframe of this project  this alternative was not successfully employed. The 
theoretical approach would be that e.g. a hydroxyl functional polyester chain 
would be derivatized with a diene, e.g. using furoic acid, to allow for the Diels-
Alder reaction to occur with a tris(maleimides)s (Figure 10.2).6–8 This approach has 
been published, but has rarely been applied to coating systems.9  
From an environmental point of view, water-based coatings are interesting 
alternatives for solvent-based coatings. Therefore, preparing water-based polyester 
dispersions from the resins which are described in this thesis could be an 
interesting option. To be able to make these resins water dispersible, ionic 
stabilizing groups would be necessary. The sodium salt of 5-sulfoisophthalic acid 
(ssIPA) has been studied as possible comonomer to enhance the affinity of 
polymers for water.10 The use of ssIPA as stabilizer prevents the neutralization 
step, which is necessary when compounds such as dimethylolpropionic acid are 
used. The water-based coatings could also be cured by the non-isocyanate-based 
Diels-Alder strategy proposed above. 
The use of solid-state polycondensation (SSP) as copolymerization approach has 
been highlighted in literature. SSP of pre-polymers of polyesters or various 
mixtures of nylon salts were described.11,12 However, the use of solid-state polymer 
chemistry to replace monomer residues within the backbone of a polycondensate 
has not been widely studied. The use of the common solvent approach makes this 
polymerization method less applicable in industry (paragraph 10.2). Hence, the 
biggest advances could be made in this area. Recently, supercritical CO2 has been 
used for various applications and one of these is swelling of semi-crystalline 
polymers. It was shown by de Gooijer et al.13 that scCO2 can be used for the end-
group derivatization of PBT in order to lower the carboxylic acid end-group 
content. In addition, scCO2 has been used in the past for introducing dyes into 
polymeric materials,14,15 and thus could possibly also be applied for the preparation 
of the physical mixtures between PBT and the comonomers. This would be an 
interesting field of research because this could turn SSM, as described within this 
thesis, into an industrially feasible technology. 
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Glossary 
 

Abbreviations and symbols 
1,4-BD 
2,3-BD 
13C-NMR 
1H-NMR 
ADR 
AV 
CHCl3 

CDCl3 

COSY 
DBTO 
DBTDL 
DCM 
DLS 
DMAP 
DMF 
DMT 
DSC 
ESI-ToF-MS(-MS) 
 
FADD 
FDCA 
FTIR 
gHPLC 
gHSQC 
 
Galx 
GLY 
Glux 
HETCOR 
HCl 
HFIP 
II 

1,4-Butanediol 
2,3-Butanediol 
Carbon nuclear magnetic resonance spectroscopy 
Proton nuclear magnetic resonance spectroscopy 
Acetone double rubs 
Acid value (mg KOH/g) 
Chloroform 
Deuterated chloroform 
1H-1H 2D-Correlation NMR spectroscopy 
Dibutyl tin oxide 
Dibutyl tin dilaurate 
Dichloromethane 
Dynamic Light Scattering 
4-Dimethylaminopyridine 
Dimethyl-2,5-furandicarboxylate 
Dimethyl terephthalate 
Differential scanning calorimetry 
Electron spray ionization time of flight mass 
spectrometry (mass spectrometry) 
Fatty acid dimer diol 
2,5-Furandicarboxylic acid 
Fourier transform infrared spectroscopy 
Gradient high-performance liquid chromatography 
Gradient heteronuclear single quantum coherence 
spectroscopy 
2,3:4,5-Di-O-methylene-galactitol 
Glycerol 
2,4:3,5-Di-O-methylene-D-gluticol 
13C-1H Heteronuclear shift correlation NMR spectroscopy 
Hydrochloric acid 
1,1,1,3,3,3-Hexafluorisopropanol 
Isoidide 
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IM 
IS 
Kcr 
KNO3 

KOH 
Lp 
Mn 
Mw 
M-PC 
MAF 
MALDI-ToF-MS 
 
Manx 
MeOH 
MgSO4 

n 
NaNO2 
NaNO3 

NMP 
OHV 
P23BF 
PBT 
PDI 
PEF 
PER 
PET 
P(FADDT) 
R 
Rα 

RAF 
SAXS 
SEC 
Sn(Oct)2 
SSP 
SSM 

Isomannide 
Isosorbide 
Isothermal crystallization rate constant 
Potassium nitrate 
Potassium hydroxide 
Long spacing (nm) 
Number average molecular weight (kg/mol) 
Weight average molecular weight (kg/mol) 
Melt copolymerization 
Mobile amorphous fraction 
Matrix-assisted laser desorption/ionization time of flight 
mass spectrometry 
2,4:3,5-Di-O-methylene-D-mannitol 
Methanol 
Magnesium sulphate 
Avrami parameter 
Sodium nitrite 
Sodium nitrate 
N-Methyl-2-pyrrolidone 
Hydroxyl value (mg KOH/g) 
Poly(2,3-butylene-2,5-furandicarboxylate) 
Poly(butylene terephthalate) 
Polydispersity index 
Poly(ethylene2,5-furandicarboxylate) 
Pentaerythritol 
Poly(ethylene terephthalate) 
Poly(fatty acid dimer diol terephthalate) 
Overall degree of randomness 
Degree of randomness of the amorphous phase 
Rigid amorphous fraction 
Small-angle X-ray scattering 
Size exclusion chromatography 
Tin (II) ethylhexanoate 
Solid-state polycondensation 
Solid-state modification 
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Tc 

TFA-d 
Tg 

Tm 

TBD 
TEM 
TGA 
THF 
TiBO 
TMP 
VOC 
VT 13C{1H} CP/MAS 
NMR 
 
VT 13C{1H} INEPT 
NMR 
 
WAXD 
ZrBO 
χ 

Onset of crystallization temperature (°C) 
Deuterated trifluoroacetic acid 
Glass transition temperature (°C) 
Melting temperature (°C) 
1,5,7-Triazabicyclo[4.4.0]dec-5-ene 
Transmission electron microscopy 
Thermogravimetric analysis 
Tetrahydrofuran 
Titanium (IV) butoxide 
Trimethylolpropane 
Volatile organic compound 
Variable-temperature 13C{1H} Cross-Polarization/Magic-
Angle Spinning NMR 
 
Variable-temperature Insensitive Nuclei Enhanced by 
Polarization Transfer NMR 
 
Wide-angle X-ray diffraction 
Zirconium (IV) butoxide 
Degree of crystallinity (%) 
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Summary: Melt copolymerization and solid-state 
modification as methods to prepare novel bio-based 

polycondensates 
 
The rapid depletion of the fossil fuel feedstock and the environmental implications 
of the use of non-renewable carbon sources have created a significant research 
drive to find suitable sustainable replacements for these sources. Fortunately, 
nature provides us with a wide variety of bi- or multi-functional compounds, 
which are (more or less readily) accessible for the polymer chemist. The aim of this 
study was to utilize bio-based monomers in (powder) coating resins and 
engineering plastics. The various polymeric materials were prepared using melt 
copolymerization and solid-state modification as the polymerization approaches. 
The bio-based, aromatic monomers 2,5-furandicarboxylic acid (FDCA) or 
dimethyl-2,5-furandicarboxylate (DMF) were used as a basis for polyester 
(powder) coating resins. Initially, the polycondensation reaction was optimized, 
resulting in a synthetic method by which the preparation of (co)polyesters for 
coating purposes was achieved. Various series of poly(2,3-butylene-2,5-
furandicarboxylate) (P23BF)-based (co)polyesters were prepared using this 
approach. Within these series, glycerol (GLY), pentaerythritol (PER), 
trimethylolpropane (TMP) and a fatty acid dimer diol (FADD) were used as 
comonomers. All the (co)polyesters were fully molecularly characterized using a 
combination of analytical techniques such as nuclear magnetic resonance (NMR) 
spectroscopy and matrix-assisted laser desorption/ionization time of flight mass 
spectrometry (MALDI-ToF-MS). In addition, their thermal properties were 
analyzed using thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC). The suitability of the (co)polyesters for their solvent-borne or 
powder coating application was proven by means of these analyses. 
Solvent-borne coatings were prepared from the (co)polyester resins cured with the 
trimer of hexamethylene diisocyanate (trade name: Desmodur N3600) or the ε-
caprolactam blocked trimer of isophorone diisocyanate (trade name: Vestagon 
B1530). The coatings cross-linked with the flexible Desmodur N3600 showed good 
solvent resistance, proving network formation. These coatings were hard materials 
and generally ductile if more than 5 mol% of comonomer was incorporated. The 
solvent-borne coatings cross-linked with Vestagon B1530 were all hard and brittle 
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coatings. The brittleness was caused by the stiff network which was obtained after 
the curing reaction, which is evidenced by the high Tg values of these materials. 
These coatings showed acceptable solvent resistance if the coatings were prepared 
from a branched resin, otherwise the solvent resistance was poor. The moderate or 
insufficient network formation was attributed to the low reactivity of the 
secondary hydroxyl groups towards the blocked isocyanate groups. More flexible 
coatings were obtained when significant amounts of FADD were included in the 
resin composition. In addition to the solvent-borne coatings, powder coatings were 
prepared and evaluated. Vestagon B1530 was used as the cross-linker for these 
coatings. The furan-based powder coatings performed similarly to the solvent-
borne coatings which were cross-linked with Vestagon B1530. The coatings from 
the branched copolyesters showed reasonable solvent resistance and all the 
materials were relatively hard, but very brittle. The stiff molecular structure of the 
network was once again proven using DSC, showing Tg values exceeding 110 °C. 
Nevertheless, furan-based polyester materials can be interesting options for 
coating applications. 
In addition to the development of novel, bio-based coating resins, considerable 
work was performed on partially bio-based engineering plastic materials. 
Poly(butylene terephthalate) (PBT) was modified using various bio-based 
comonomers, viz. FADD, 1,18-octadecanediol (C18-diol) or 2,4:3,5-di-O-methylene-
D-glucitol (Glux) to yield partially bio-based copolyesters. The comonomers were 
incorporated into the backbone of PBT using solid-state modification (SSM). Their 
successful incorporation was proven using various techniques such as NMR 
spectroscopy and size exclusion chromatography. The chemical microstructure of 
the PBT-based copolyesters was studied and the differences between the materials 
were evident. The Glux-based copolyesters presented a practically random 
chemical microstructure, whereas the FADD-based materials were more blocky. 
The blockyness of the PBT/FADD-based copolyesters was studied in great detail. 
This study verified the morphology of these materials as a function of the FADD 
content. The PBT/FADD-based copolyesters were described using a two- or three-
phase model depending on their composition. The two phase model consists of a 
PBT crystalline phase and a PBT-rich amorphous phase. The three-phase model 
contains the aforementioned phases, but also a FADD-rich amorphous phase. The 
C18-diol-based copolyesters could also be described using these models, but 
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showed a reduced tendency to phase separate compared to the FADD-containing 
copolyesters. 
All the copolyesters were fully thermally evaluated and this study proved their 
unique properties. The PBT/FADD-based copolyesters showed melting 
temperatures exceeding 215 °C, whereas similar copolyesters prepared by melt 
copolymerization showed melting temperatures around 195 °C. The copolyesters 
prepared by SSM were also significantly more crystallizable due to the presence of 
long PBT sequences in the backbone. However, because of the added chain 
flexibility the FADD-based materials exhibited lower glass transitions compared to 
PBT. Conversely, the Glux-based materials showed increased Tg values, but a 
compromised melting and crystallization behavior. Since the Glux-based 
copolyesters did not show a phase separated morphology, these materials 
randomized during a period in the melt, deteriorating the thermal properties. 
Since the FADD-based materials did show a phase separated morphology, the 
randomization of the chemical microstructure was prevented. In addition to the 
thermal analysis, an initial mechanical evaluation of the PBT/FADD-based 
copolyesters showed that these materials were more flexible when compared to 
PBT. Concluding, it was possible to prepare copolyester materials with unique 
properties by incorporating bio-based monomers via SSM. 
PBT-based poly(ester amide)s were prepared by incorporating an amide-
containing pentamer prepared from 1,4-butanediamine, terephthalic acid and 1,4-
butanediol using SSM. The incorporation was a complex process, in which the 
attainable molecular weight was determined by the reaction temperature as well as 
the pentamer content. The homocondensation of the pentamer proved to limit the 
average molecular weight. The obtained PBT-based copolyesters showed 
interesting crystallization properties. The onset of crystallization temperature 
increased to 210 °C, an increase of 25 degrees compared to virgin PBT, irrespective 
of the molecular weight. The amide-containing segments were present as 
aggregates (or crystallites) in the PBT melt and act as nucleation sites for the PBT, 
yielding improved crystallization features. The incorporated pentamer residues 
proved to be more efficient in improving the crystallizability when compared to 
blends of PBT and the pentamer. Because of the incorporation the first PBT 
residues besides the aggregates are already pre-aligned and this makes amide-
adjacent crystallization possible, yielding an more readily crystallization process. 
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Samenvatting: Melt copolymerization and solid-state 
modification as methods to prepare novel bio-based 

polycondensates 
 
De sterke afname van de aardolievoorraden, in combinatie met de implicaties van 
het gebruik van olie-gebaseerde bronnen voor het milieu, heeft gezorgd voor een 
grote behoefte aan duurzame grondstofbronnen. Gelukkig kan de natuur ons 
voorzien van een breed scala aan bi- en multifunctionele grondstoffen. Het doel 
van dit project was om nieuwe materialen te synthetiseren op basis van 
hernieuwbare monomeren, die gebruikt kunnen worden als coatingharsen of als 
engineering plastics. Smeltcopolymersatie en vaste-fase modificatie zijn toegepast 
als polymerisatiemethoden om deze materialen te verkrijgen. 
De hernieuwbare, aromatische monomeren 2,5-furandicarbonzuur (FDCA) of 
dimethyl-2,5-furandicarboxylaat zijn gebruikt als basis voor polyester-gebaseerde 
(poeder-)coating harsen. Allereerst is de synthetische procedure om (co)polyesters 
voor coating doeleinden te verkrijgen geoptimaliseerd. Vervolgens zijn door 
middel van deze procedure verschillende poly(2,3-butyleen-2,5-
furandicarboxylaat) (P23BF)-gebaseerde copolymeren bereid. Glycerol (GLY), 
pentaerythritol (PER), trimethylolpropaan (TMP) en een vetzuur-dimeer diol 
(FADD) zijn gebruikt als comonomeren in deze syntheses. De moleculaire 
structuren van deze (co)polyesters zijn bestudeerd door middel van verschillende 
technieken zoals kernspinresonantie (NMR) spectroscopie en matrix-assisted laser 
desorption/ionization-time of flight massa spectrometrie (MALDI-ToF-MS). 
Daarnaast zijn de thermische eigenschappen van de polyesters bepaald door 
middel van thermogravimetrische analyse (TGA) en dynamische 
differentiecalorimetrie (DSC). Deze analyses bewezen dat de polyesters toegepast 
konden worden als coatingharsen. 
Oplosmiddel-gedragen coatings zijn bereid gebruik makend van de 
bovengenoemde polyesters, welke zijn vernet met het trimeer van hexamethyleen 
diisocyanaat (handelsnaam: Desmodur N3600) of met het ε-caprolactam afgeblokte 
trimeer van isoforon diisocyanaat (handelsnaam: Vestagon B1530). Coatings op 
basis van Desmodur N3600 vertoonden goede oplosmiddel-resistentie. Verder 
waren deze coatings relatief flexibel als er meer dan 5 mol% van de comonomeren 
GLY en TMP was ingebouwd. De coatings op basis van de genoemde harsen en 
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Vestagon B1530 zijn harde en brosse materialen. Deze brosheid word veroorzaakt 
door het rigide netwerk dat gevormd wordt tijdens het vernetten. Deze materialen 
hebben glasovergangstemperaturen (Tg) van boven de 100 °C, wat relatief hoog is 
voor dit soort materialen. Deze coatings vertoonden matige oplosmiddel-
resistentie indien vertakte harsen werden gebruikt, mogelijk door een incomplete 
vernetting. De lage reactiviteit van de secundaire hydroxyl-groepen met de 
afgeblokte isocyanaat-groepen was de oorzaak van de matige netwerkvorming. 
Flexibelere coatings werden bereid door het FADD aan de harssamenstelling toe te 
voegen. Naast de oplosmiddel-gedragen coatings zijn er poedercoatings gemaakt 
vanuit vergelijkbare harsen en Vestagon B1530. De poedercoatings vertoonden 
vergelijkbare eigenschappen als de solvent-gedragen coatings die waren vernet 
met Vestagon B1530. Alle materialen waren hard en bros en vertoonden matige 
oplosmiddelresistentie indien vertakte polyesters als harsen werden gebruikt. De 
rigide structuur van zowel de hars als de cross-linker leverde coatings op met 
glasovergangstemperaturen van boven de 110 °C. 
Naast het werk dat werd uitgevoerd op het gebied van nieuwe bio-based coating 
harsen is er een aanzienlijke hoeveelheid werk verricht op het gebied van deels 
biomass-gebaseerde engineering plastics gemaakt via vaste-fase modificatie (SSM). 
Poly(butyleen tereftalaat) (PBT) is gemodificeerd met verschillende comonomeren 
zoals FADD, 1,18-octadecaandiol (C18-diol) of 2,4:3,5-di-O-methyleen-D-glucitol 
(Glux). De chemische modificatie van de PBT-ketendelen werd aangetoond door 
middel van NMR en molgewichtsbepalingen. De chemische microstructuur van de 
copolyesters is bestudeerd en er waren duidelijke verschillen te vinden tussen de 
drie vervaardigde klassen copolymeren. De Glux-gebaseerde materialen hadden 
een random chemische microstructuur, in tegenstelling tot de FADD-gebaseerde 
materialen welke een niet-random, blok-achtige structuur vertoonden. De 
morfologie van de vetzuur-gebaseerde materialen is bestudeerd en bleek sterk 
afhankelijk te zijn van de samenstelling van de copolyesters. Deze materialen 
konden beschreven worden met het twee- of drie-fasen model, afhankelijk van de 
samenstelling. De morfologie beschreven in het twee-fasen model bestaat uit een 
PBT kristallijne en PBT-rijke amorfe fase. Het drie-fasen model bestaat uit deze 
twee genoemde fasen, met hiernaast ook een FADD-rijke amorfe fase. De 
copolyesters gebaseerd op PBT en het C18-diol konden ook door middel van deze 
verdeling beschreven worden, met als verschil dat de fase scheiding hier minder 
sterk was. 



 
252 

De thermische eigenschappen van de verschillende series van copolyesters zijn ook 
geanalyseerd. De PBT/FADD-gebaseerde SSM copolyesters vertoonden 
smeltpunten rond de 215 °C terwijl copolyesters met vergelijkbare chemische 
samenstelling maar met een random chemische structuur, gemaakt in de smelt, 
waardes van rond de 195 °C lieten zien. De copolyesters die gemaakt zijn via de 
SSM route kristalliseerden ook veel makkelijker vanuit de smelt. Echter, de 
vetzuurresiduen zorgden voor een heel flexibele polymeerketen, wat leidde tot een 
sterke afname van de glasovergangstemperatuur van de materialen. Dit in 
tegenstelling tot de Glux-gebaseerde copolyesters, die verhoogde Tg waardes 
lieten zien, maar die tevens een gecompromitteerd smelt- en kristallisatiegedrag 
hadden. De Glux-gebaseerde copolyesters lieten geen fase-gescheiden morfologie 
zien en daardoor randomiseerde de chemische microstructuur van deze materialen 
vrij snel in de smelt. Dit leidde tot de verslechtering van de thermische 
eigenschappen. De PBT/FADD-gebaseerde copolyesters lieten ook in de smelt een 
sterke fasescheiding zien en dit voorkwam de randomisatie van de chemische 
microstructuur. Naast de thermische analyse is er ook een initiële mechanische 
analyse uitgevoerd, die liet zien dat de materialen als functie van een toenemend 
FADD-gehalte zachter werden. PBT-gebaseerde poly(ester amide)s zijn bereid 
door een hydroxyl-functioneel pentameer, bestaande uit 1,4-butaandiamine, 
tereftaalzuur en 1,4-butaandiol, in te bouwen in PBT via SSM. Het inbouwproces 
was erg gecompliceerd en vertoonde een afhankelijkheid van de 
reactietemperatuur en het pentameer gehalte. Het werd bewezen dat de 
homocondensatie reactie van het pentameer de limiterende factor was voor de 
opbouw van het totale molecuulgewicht. De poly(ester amide)s vertoonden 
interessante thermische eigenschappen. De kristallisatie van deze materialen 
begon bij 210 °C, hetgeen 25 graden hoger is dan bij conventioneel PBT. De 
ingebouwde segmenten, die de amides bevatten, aggregeren in de smelt en deze 
aggregaten leiden tot nucleatie van het PBT. De ingebouwde segmenten hadden 
een groter effect in vergelijking met fysische mengsels van PBT en het pentameer, 
waarbij de pentameren niet daadwerkelijk chemisch werden ingebouwd in the 
PBT hoofdketens. Doordat in het geval van de SSM producten de ingebouwde 
segmenten covalent gebonden zijn aan het PBT worden de eerste ketensegmenten 
van PBT rond de aggregaten gepreoriënteerd waardoor de kristallisatie nog beter 
en bij een nog hogere temperatuur verloopt. 
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