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General Introduction 

 

Thermoplastics polymers are materials currently used in packaging, automotive, electronics, 

and medical applications. Due to the peculiar environmental context required by sustainable 

innovations, the amount of polymers that are currently under development to be partially or 

entirely based on renewable resources occupy an increasingly important place in the eco-

design of materials to replace plastics from petrochemicals 1–5.  

One of the most interesting bio-based polymers is Poly (Lactic Acid) (PLA), a material generally 

made from corn starch 6. Already widely used in the medical field, PLA is particularly 

interesting for the manufacture of scaffolds for tissue regeneration or systems for drug 

delivery, mainly because it is biocompatible and bioresorbable. At the beginning of its 

development, PLA was considered as a potential substitute for Poly (Ethylene Terephthalate) 

(PET); however its thermal, mechanical and barrier properties have subsequently been found 

insufficient, and should still be improved to meet food packaging requirements, for instance.  

Poly (Ethylene 2,5-Furandicarboxylate) (2,5-PEF) (obtained from the reaction of 2,5-

furandicarboxylic acid and ethylene glycol) is nowadays considered as the most promising 

sustainable alternative to PET, as it exhibits similar (and sometimes significantly better) 

mechanical and barrier properties compared to both PLA and PET 4,7,8. Knoop et al. 9 showed 

that 2,5-PEF has a value of the Young's modulus that is similar to PET, the only drawback being 

its brittle behavior at breaking. One possibility to reduce brittleness could be provided by a 

new generation of copolyesters obtained from the mixture of the two main isomers of 

furandicarboxylic acid (FDCA): 2,5-FDCA and 2,4-FDCA.  

This work aims at exploring, for the first time, some physical properties of such a series of 

copolyesters, but also at gaining a deeper understanding about the corresponding 

homopolymers, in particular about the less-known 2,4-PEF.  
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This manuscript is organized as follows: 

Chapter I introduces the context of the study and provides the different routes to synthesize 

PET and PEF. 

 

Chapter II presents the materials and the experimental techniques used in this work. The first 

section is devoted to the materials, the second illustrates the tools and measurement 

procedures  

 

Chapter III reminds the fundamentals about glass transition and a summary of the main 

physical models generally used to describe structural relaxation. 

 

Chapter IV reports the results of the physical characterization and the main findings about the 

molecular mobility of quenched (fully amorphous) PEFs. A discussion is proposed about the 

thermal stability evaluated by TGA and MTGA, as well as the thermal behavior observed by 

DSC. The second part of the chapter is focused on the investigation of the molecular dynamics 

through a correlation between three techniques: MT-DSC, DRS and TSDC. The influence of the 

position of the carbonyl group with respect to the furan ring on the relaxation phenomena is 

discussed.  

 

Chapter V is an overview on polymer crystallization and the crystalline state. A description of 

the steps involved in the crystallization process (germination, crystal growth, secondary 

crystallization) is provided, along with a summary of the theories used to evaluate the 

crystallization kinetics. 

 

Chapter VI reports the results obtained about the crystallization kinetics of PEFs, followed by 

a detailed characterization of the behavior of the amorphous phase as a consequence of 

crystallization. A tentative discussion about the influence of the position of the carbonyl group 

with respect to the furan ring on the crystalline structure is also provided. 

 

Finally, some general conclusions and prospects are proposed. 
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These Appendixes provide: 

• 1H RMN spectra of the PEF samples; 

• MDS Calculation method; 

• The scientific production related to this work. 

 

This work was financially supported by the Normandy Region and the European Regional 

Development Fund (Fond Européen de Dévéloppement Régional, FEDER) within the frame of 

the project “Solution pour la Conception et l’Analyse de Matériaux à Propriétés Innovantes” 

(SCAMPI). It was carried out in the EIRCAP (Equipe Internationale de Recherche et de 

Caractérisation des Amorphes et des Polymères) research group, SDP (Systèmes Désordonnés 

et Polymères), “Groupe de Physique des Matériaux” (GPM-UMR CNRS 6634), University of 

Rouen Normandy.  
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Introduction 

Biobased polymers got the attention from many scientists and industrials during the last two 

decades. The environmental concerns are the main driving-forces for this trend. The depletion 

of fossil resources associated to climate changes raised awareness on the international level. 

To take actions against global warming, a common agreement has been endorsed by some 

countries through the Kyoto Protocol in 1997 (entered into force in 2005) in order to reduce 

greenhouse gas emissions. Ten years later, a directive called REACH (Registration, Evaluation, 

and Authorization of Chemicals) was ratified in the frame of the European Union, increasing 

the legislation on safety and chemical management with the objective to promote the 

principles and procedures of Green Chemistry. However, a paradox still exists between the 

worldwide awareness and the constant global increase of oil consumption driven by a 

consumption-addicted society. In the run to produce new materials with improved properties 

in a well-known context of planned obsolescence, the oil consumption increases and the role 

played by the industry prevails. The entire world economy relies on a locative business in 

which petroleum industry is dominant. In 2006, J. Goldemberg 1 (a leading expert on energy 

and environment issues) reported that “the world’s energy system is a 1.5 trillion dollars 

market dominated by fossil fuels”. Since leaving behind the comfortable system established 

so far is not going to happen soon, the only pathway to follow consists in developing 

performant materials from renewable biological sources. 

Crude oil, coal, natural gas and biomass are the only sources of carbon we have. For chemical 

and fuel productions only, the biomass can be used either as a raw material or after selective 

conversion of its main constituents (essentially lignocellulosic materials) into a series of 

platform chemicals. The vegetal biomass is naturally structured throughout complex biological 

processes which exploit the carbon from atmospheric CO2 and produce energy from water 

and sunlight. Among the natural polymers present in plants, cellulose is probably the most 

explored and exploited, and still very promising for new material applications, since the 

physical-chemical properties of cellulose offer a wide potential for innovation.  

It has been estimated that almost half of the carbon in the biosphere is in the form of cellulose 

2. Indeed, petrochemical feedstocks can be considered as “natural”, because they are formed 

from biomass over geological time frames.  
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The problem is that the rate at which biomass is converted to fossil resources (>105 years) is 

in total imbalance with the rate at which they are consumed 1-10 years). The use of annually 

renewable biomass to produce polymers, chemicals, and fuels as an adjunct to fossil resources 

would help balancing the rate of CO2 fixation with the rate at which CO2 is released. 

Furthermore, if we manage the biomass resources effectively by making sure that we plant 

(trees, crops) more than we use, we can eventually reverse the CO2 rate equation and move 

towards a net balance between CO2 fixation/sequestration and release due to consumption. 

Figure I.1 illustrates these concepts for the global cycling of carbon, and demonstrates that 

the use of annually renewable biomass resources for the production of polymers, chemicals, 

and fuels represents a positive contribute to sustainability and global carbon recycling. 

 

 

Figure I.1: Global carbon cycling. 3 
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I.1. Context 

Poly (Ethylene Terephthalate) (PET) is a thermoplastic polyester generally produced from 

petroleum. Its strength and good barrier properties have made it a material of choice for 

packaging. Thank its properties and good recyclability, this polymer has quickly become a sort 

pf plastic industry’s giant. Unsurprisingly, PET is commonly taken as a term of comparison for 

new polyesters. In the last years, it has been suggested that petroleum-based PET no longer 

meets the industrial environmental requirements. As a result, research activities have been 

oriented towards the quest for alternatives to replace it. It is already possible to produce a 

greener, more sustainable version of PET, either partially or entirely biosourced (bio-PET) 4. In 

the meantime, another 100% biobased polyester with similar (if not better) properties made 

the news, the Poly (Ethylene-2,5-Furandicarboxylate) (2,5-PEF), or better known by the 

abbreviation of only PEF. 

I.1.1. Some historical dates concerning PET and PEF 

The main historical dates for PET and PEF in the food-packaging sector of plastic bottles are 

the following: 

• 1941: PET is patented by two British chemists, John Rex Whinfield and James Tenant 

Dickson. The invention remained secret for strategic reasons related to the Second 

World War. 

• 1945: The PET patent is purchased by the American group Dupont de Nemours. 

• 1950: Dupont de Nemours patents a new brand (Dacron). 

• 1984: PET replaces PVC (Poly (Vinyl Chloride)) for the production of bottles. PET is 

massively produced for the first-time. 

• 2009: The "Coca Cola Plant Bottle" made of partially biobased PET is released on the 

market.  

• June 2011: A partnership between Toray and Gevo to produce renewable biobased 

PET on a laboratory scale is initiated. Bottles and plastic films are successfully 

produced. Toray produces PET by using terephthalic acid from para-xylene (p-xylene) 

and Methyl Ethyl Glycol (MEG). 

• December 8, 2011: Avantium opens a PEF Pilot Plant in Geleen, The Netherlands. 
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• December 15, 2011: Coca-Cola, Ford, Heinz, NIKE, and P&G announce the creation of 

a PTC (PET Technology Collaborative) plant to produce a 100% bio-based PET following 

the success of the “Plant Bottle”.  

• 2014: The Avantium consortium for PEF production is officially started. 

• 2016: Avantium plans the production of FDCA and PEF. 

I.1.2. Characteristics and some properties of PET and 2,5-PEF 

PET and 2,5-PEF are both thermoplastic polyesters. Both have been patented more than 60 

years ago, but being petroleum-based PET has been widely used since the 1990s, while bio-

sourced PEF is still under development. Table I.1 summarizes the main characteristics of PET 

and 2,5-PEF. 

 

Table I.1: Characteristics of PET and 2,5-PEF. 

Characteristics PET 2,5-PEF 

Name Poly (ethylene terephthalate) 

Poly (ethylene furanoate) 

Poly (ethylene-2,5-

furandicarboxylate) 

Definition 

Synthetic polyester produced by 

polycondensation of Ethylene 

Glycol (EG) with TerePhthalic Acid 

(TPA), or EG and DiMethyl 

Terephthalate (DMT) 

Synthetic polyester produced by 

polycondensation of Ethylene 

Glycol (EG) and 2,5-

FuranDiCarboxylic Acid (2,5-FDCA) 

Family Semi-crystalline thermoplastic Semi-crystalline thermoplastic 

Chemical 

formula 
 

[C10H8O4]n 

 

[C8H6O5]x 

Invention Patented in 1941 Patented in 1946 

Raw materials 

EG: derived from vegetal oil, sugar 

beet or sugarcane 

TPA: derived from petroleum 

EG: derived from sugarcane 

2,5-FDCA: derived from plants and 

agricultural residues 

 

O

O O

O

n

O
O

O

O

O

x
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Since the 1990s, PET has become the main plastic for transparent bottles, especially used for 

mineral water, fruit juice, or sodas. The environmental concerns and the attempt to reduce 

the consumption of fossil resources gradually pushed to develop 2,5-PEF with the aim of 

replacing PET in bottle production. Interestingly, the properties of 2,5-PEF are similar 

(sometimes even better) than PET, as summarized in Table I.2. 

 

Table I.2: Main properties of PET and 2,5-PEF. 

Properties PET 2,5-PEF Comparison 

Composition 
Petroleum-based or 

partially biobased 
100% biobased 

The production of PEF 

only uses renewable 

resources 

Density 1.38 g/cm3 1.43 g/cm3 PEF is denser than PET 

Ease of use Flexible 
PEF gets stiffer under 

stress 

PEF is less flexible than 

PET but it is more 

resistant 

Optical Colorless Colorless Identical 

Young’s 

modulus 
2.1-3.1	GPa	 3.0-3.5	GPa	

PEF is 1.1 to 1.4 times 

stiffer than PET 

Thermal 

+, = 73-76 °C 

+0 = 243-247 °C 

+1 = 413-445 °C 

+, = 79-85 °C 

+0 = 209-211 °C 

+1 = 389-411 °C 

PEF has more interesting 

thermal properties for 

industrial applications 

Toxicity 

Non-toxic and food-

safe, 

UV sensitive 

Non-toxic and food-safe Similar 

Permeability 

Good barrier to 

humidity but poor 

barrier to gases 

Barrier to O2: 11 times 

better than PET 

Barrier to CO2: 19 times 

better than PET Barrier 

to H2O: 2 times better 

than PET 

PEF has better barrier 

properties 
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Properties PET 2,5-PEF Comparison 

End-of-life 

Mechanical or 

chemical 

recycling 

Mechanical recycling 

(identical to PET) or chemical 

recycling by depolymerization 

Chemical recycling is 

easier for PEF than 

PET due to the 

different 

composition 

Emission of 

greenhouse 

gases 

During the 

extraction of raw 

materials, 

processing and 

transport 

During the extraction of raw 

materials, processing and 

transport, but compensation 

during the growth of raw 

materials 

The vegetable origin 

of PEF reduces 

carbon emissions by 

50 to 70% 

Price $1.350/ton (2018) $2.700/ton (2015) 

A $1.200/ton 

difference between 

PEF production cost 

and PET market 

price 

 

2,5-PEF and PET are comparable in many different ways. However, PEF is definitely better than 

PET in terms of thermal, mechanical and barrier properties, which are critical aspects for the 

production of food-safe containers. Moreover, PEF represents a more sustainable material 

compared to PET.  
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I.2. Synthesis of PET 

During the Second World War, the production of nylon became complicated and the 

industrials had to find a substitute. The development of PET made it possible to take on this 

challenge by offering a material that can be used in many different ways. Since the 1970’s, 

PET has known a huge success and has quickly become unavoidable. PET is a polyester 

obtained by polycondensation. Condensation is a chemical reaction consisting in the union of 

two molecules, or two parts of molecules, leading to the formation of a condensate, here a 

polymer, by elimination of a small molecule (water for example). Polycondensation is a 

sequence of condensation steps performed to carry out a polymerization. At each step, two 

monomers with two active centers on either side of their structures react together according 

to a condensation reaction, in order to form dimers, then oligomers that grow longer and 

longer, to finally obtain a polymer. On an industrial scale, PET is obtained according to the 

following stages: 

• Esterification (or transesterification) 

• Pre-polycondensation 

• Polycondensation 

The raw material used to synthesize PET is oil. It takes about 1.9 kg of crude oil to obtain 1 kg 

of PET. 

I.2.1. Esterification 

PET synthesis consists in the reaction between a bifunctional acid (terephthalic acid (TPA)) and 

a bifunctional alcohol (ethylene glycol (EG)) to form dimers according to the following scheme:  

 

Figure I.2: Polycondensation of PET by esterification. 

 

The first step consists in the esterification of TPA carboxyl end-groups with the hydroxyl end-

groups of EG. The mechanism of this esterification can be explained as follows: the oxygen 

atom of the alcohol function of EG carries a partial negative charge. 

O

OH

O

HO

+ HO
OH

O

O O

O

n

+ H2O



State of the Art 

 15 

The carbon atom of the acid function of TPA carries a partial positive charge. As a 

consequence, the oxygen atom attacks the carbon atom to form a covalent bond.  

Since the carbon atom cannot exceed four bonds, the hydroxyl group of TPA separates from 

the rest of the molecule and combines with the hydrogen previously linked to the attacking 

oxygen to get stabilized. The result is the formation of a water molecule and an ester linkage 

between EG and TPA. Esterification is in equilibrium with hydrolysis (the inverse reaction), 

therefore it is important to continuously remove the water produced during the esterification 

under vacuum.  

I.2.2. Transesterification 

The second possible pathway is transesterification (Figure I.3). In this case, the synthesis 

consists in the reaction between a diester (dimethyl terephthalate (DMT)) and a bifunctional 

alcohol (ethylene glycol (EG)) to form dimers. Indeed, DMT is an ester which is transformed 

into another ester.  

 

Figure I.3: Polycondensation of PET by transesterification. 

 

The only difference between esterification and transesterification is the product eliminated 

during the reaction (water vs. methanol).  

I.2.3. Pre-polycondensation 

The dimers obtained by esterification or transesterification are then used for the pre-

polymerization (or pre-polycondensation) step. This step is carried out under vacuum and 

allows the dimers to condense to form longer chains (oligomers). 

  

O

O

O

O

+ HO
OH

O

O O

O

n

+ CH3OH



CHAPTER I 

 16 

I.2.4. Polycondensation 

This step is intended to merge the chains formed in the previous steps to form long polymer 

chains, and occurs in the melt state. A catalyst is typically used to increase the 

polycondensation rate. However, the use of catalysts strongly influences the crystallization 

rate, which is intimately linked to the mass transport of volatiles compounds contained in the 

melt phase; besides, the viscosity progressively increases with the increase in the chain length, 

and the diffusion also slows down. A higher temperature would solve this issue, but could also 

cause thermal degradation.  

For more details, Rieckmann and Völker 5 wrote a book chapter on the PET polymerization, 

with information about the catalysts employed and the corresponding reaction kinetics. The 

degradation occurring at high temperature is a problem shared by all thermoplastic polymers. 

The activation energies of the primary degradation reactions are higher than the ones 

associated to the polycondensation reactions. The increasing temperature leads to an 

increase in the extent of a possible primary degradation. Moreover, the reverse reaction of 

condensation (glycolysis) should be carefully avoided, as well as any other side reactions. For 

these reasons, an additional step (a solid-state polymerization) is generally used to achieve 

the polycondensation in the solid state and then increase the molecular weight.  
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I.3. Synthesis of PEF 

On the industrial scale, research activities about PEF have started in the 1950s 6. Indeed, only 

5 years after the first patent about the application on PET by Calico Printers Association in 

1941 7, a similar patent about the application of FDCA-based polyesters was published by 

Celanese Corporation of America in 1946 8. The process was detailed, but no properties were 

communicated except the melting point reported at 205-210 °C. In 1958, a Japanese 

laboratory published the protocol to synthesize PEF with glycols of different lengths 9. The 

melting temperature associated to 2,5-PEF crystals was reported to be around 220-225 °C. 

Twenty years later, in 1978, Moore et al. 10 used another protocol for PEF synthesis. The 

(trans)esterification was performed with 1,6-hexane diol and dimethyl-2,5-furandicarboxylate 

(DMF). Later on, two Japanese patents were submitted in 2005 11 and 2007 12 describing the 

synthesis of three different polyesters (PEF, Poly (Propylene Furandicarboxylate) (PPF) and 

Poly (Butylene Furandicarboxylate) (PBF)). The different recipes used to synthetize PEF cannot 

be compared due to insufficient data communicated. In 2006, Avantium (Dutch Biotech) did 

an important breakthrough in 5-(HydroxyMethyl)-2-Furaldehyde (HMF) production and 

conversion into building blocks, such as FDCA. Being aware of the great potential of 2,5-PEF, 

in 2009, Gandini et al. 13 published the first comparison between the properties of PET and 

2,5-PEF.  

Similarly to PET, the synthesis of PEF requires two reaction steps, i.e. a (trans)esterification 

followed by a polycondensation. As for PET, two pathways have been explored: the direct 

esterification of FDCA, and the transesterification of DMF (Figure I.4). Due to the advantages 

of DMF synthesis (good selectivity and high yield), this route has been widely studied 13–15. 

  

Figure I.4: Polycondensation of 2,5-PEF. 
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I.3.1. The road to 2,5-FuranDiCarboxylic Acid (2,5-FDCA) 

Currently, the majority of academic and industrial efforts in the development of 2,5-FDCA are 

concentrated on synthesis routes that start from food-grade carbohydrates, in particular 

fructose, via 5-(hydroxymethyl)-2-furaldehyde (HMF) 16. Since a competition with food 

production is undesirable for ethical as well as economic reasons, we are rather focusing on 

the use of non-edible feed stocks, such as lignocellulose, agro residues, and aqueous biomass 

(e.g. algae) for the production of chemicals and polymer building blocks.  

The synthesis of 2,5-FDCA firstly reported goes back to almost 150 years ago, to a paper 

published by Fittig and Heinzelman 17 in 1876; in that work, 2,5-FDCA was obtained through 

the reaction of mucic (galactaric) acid with hydrobromic acid (Figure I.5, route 2). However, 

this route provided relatively low isolated yields, and galactaric acid is (not yet) readily 

available, therefore little attention has been paid to this route. The situation may change if 

availability of aldaric acid increased, which is likely to happen because aldaric acid can be 

obtained from pectin or alginate streams produced by bio-refineries 18,19. Currently, the most 

widely explored synthetic route to 2,5-FDCA is based on the catalytic oxidation of HMF 20, 

which can be obtained from the acid-catalyzed cyclodehydration of C6 sugars like glucose and 

fructose (Figure I.5, route 1) 16,21,22. Fructose is generally preferred to glucose, because it 

provides substantially higher yields of HMF. The only reported process that efficiently converts 

glucose into HMF requires Cr-based catalysts in combination with ionic liquids, which is 

undesirable from a sustainability point of view 23–25. On the other hand, fructose can be 

economically obtained by acid-catalyzed hydrolysis of sucrose or inulin, or by the hydrolysis 

of starch (and potentially cellulose) followed by a selective partial isomerization of glucose to 

fructose (Figure I.5, route 1) 26,27. However, the use of sucrose or starch is highly undesirable 

given their primary use as food component.  

In the last decades, much attention has been paid to the development of new technologies to 

produce HMF with high yields according to efficient and cost-effective methods 16,22; indeed, 

HMF is not only a potentially low-cost precursor to 2,5-FDCA, but can also serve as a 

renewable platform chemical. Furthermore, HMF is a precursor for the next generation of 

biofuels, e.g. 2,5-DiMethylFuran (DMF), 5-EthoxyMethylFurfural (EMF), Ethyl Levulinate (EL), 

and 3-ValeroLactone (gVL) 28. 
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Till now, no large-scale process for the industrial production and commercialization of HMF is 

operational, although various companies have announced plans for pilot-scale facilities. The 

relatively poor stability of HMF under acidic conditions often leads to the formation of 

undesired by-products, e.g. Levulinic Acid (LA), Formic Acid (FA), and insolubles such as furan 

resins and humins. These by-products complicate the downstream processing of HMF, and 

therefore reduce the yield 16,29. To address these issues, companies like Avantium started 

developing alternative technologies to dehydrate fructose and glucose in organic solvents 

(e.g. methanol), yielding more stable HMF-ethers and HMF-esters as products 6,30,31. 

In addition to routes 1 and 2, a third route based on the use of hemicellulose and its 

components (C5 sugars) is also possible (Figure I.5, route 3). Given that hemicellulose is a non-

edible, not easily fermentable residue from both lignocellulosic biorefineries and the agro-

food industry, it is an attractive feedstock for the production of chemicals. Analogously to the 

cyclodehydration of C6 sugars to HMF, the cyclodehydration of C5 sugars (e.g. xylose and 

arabinose) yields 2-furaldehyde or furfural. Whereas HMF is still in a developmental stage, 

furfural is already produced for commercial purposes on a 400-500	000 tons scale using agro-

residues like bagasse as feedstock 32. The oxidation of furfural gives 2-Furoic Acid (FA) (or the 

corresponding ester, depending on the reaction conditions) in high yields; however, the 

subsequent introduction of a carbon substituent in the C5 structure is non-trivial (Figure I.5, 

route 3b).  

 

Older reports on the hydroxymethylation using p-formaldehyde in sulphuric acid, or the 

chloromethylation via the Blanc reaction, gave only low to moderate yields of 5-

hydroxymethyl- or 5-chloromethyl-2-furoic acid, respectively 9,33. Subsequently, a further 

oxidation step is required to transform this intermediate into 2,5-FDCA 34.  

A more attractive synthetic approach for the conversion of FA into 2,5-FDCA is based on the 

well-known Henkel reaction (Figure I.5, route 3a). This process is based on the thermal 

disproportionation of alkaline salts of aromatic carboxylates to give the symmetrical aromatic 

dicarboxylate.  
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I.3.3. From ethanol to bio-ethylene glycol 

EG can be obtained from biobased feedstock through several pathways. The main pathway 

starts from ethanol, which is the most abundant non-food chemical issued from the biomass. 

The fermentation of sugars also leads to ethanol. Ethylene is then obtained from ethanol by 

any acid-catalyzed dehydration 16. This reaction can produce diethyl ether as the main by-

product, which can still be converted in ethylene. Afterwards, bio-EG is obtained through the 

oxidation of ethylene. Another possible pathway consists in using the glycerol which is either 

naturally present in fatty acid esters, or can be obtained via hydrolysis or methanolysis of 

triglycerides. Then, EG is obtained from glycerol by hydrogenolysis in the presence of a catalyst 

38. In this case, high hydrogen pressure, high temperature and noble metal catalysts are 

needed, which limits the industrial application. Another route consists in using glycerol and 

Raney nickel as a catalyst 39. This pathway gives a yield of about 50-70 % even if performed 

under ambient pressure, with diluted aqueous glycerol and no hydrogen; moreover, the 

catalysts are not expensive and they can be recovered by a suitable treatment. Recently, 

Liquid Light announced a new collaboration with The Coca-Cola Company to produce EG from 

carbon dioxide, which is a route that considerably reduces the costs of EG production and is 

prone to collaborations with companies that produce waste CO2 (e.g. ethanol producers) 40.  

I.3.4. Mixtures of 2,5- and 2,4-FDCA isomers 

In 2014, Thiyagarajan et al. 41 showed that the position of the carboxylic group on the furan 

ring has no influence on the reactivity of the FDCA isomers, as proved by the fact that all of 

them can equally lead to high molecular weight homopolyesters. Moreover, preliminary 

results obtained by thermal analysis revealed that the homopolyester derived from 2,4-FDCA 

(2,4-PEF), even if amorphous, has a glass transition temperature that is very similar to 2,5-PEF 

and PET, which are both semi-crystalline. These results encouraged to further investigate the 

potential properties of different copolyesters derived from a mixture of 2,5- and 2,4-FDCA 

isomers. Two approaches can be used to obtained different mixtures of 2,5- and 2,4-FDCA 

isomers: 

• Henkel mixtures: directly obtained from the Henkel reaction, they can be used without 

further processing 35. 

• Physical mixtures: the isomers are isolated and then physically mixed on purpose, i.e. 

with specific ratios of the 2,4- and 2,5- FDCA isomers. 
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Whatever the approach, the copolyesters can be synthesized similarly to the homopolyesters, 

i.e. by polycondensation after transesterification.  

 

This research thesis will focus on properties of different homo- and co-polyesters derived from 

several physical mixtures of 2,5- and 2,4-FDCA isomers. 
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This chapter present all the samples analyzed in this work. The experimental techniques and 

protocols used are described in details.   
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II.1. Materials 

This work consists in investigating the properties of different homo- and co-polyesters derived 

from several mixtures of 2,5- and 2,4-FDCA isomers. Five polyesters were studied more in 

details: two homopolymers (2,5-PEF and 2,4-PEF) and three copolymers (obtained with 

mixtures of 2,5- and 2,4-FDCA, as reported in Table II.1). All the samples were synthetized at 

the Food and Biobased Research (FBR), Wageningen University and Research (WUR)(The 

Netherlands). The copolymers were obtained by physical mixtures, i.e. the isomers were 

isolated and then physically mixed on purpose, with specific ratios of the 2,4- and 2,5-FDCA 

isomers. Both the homopolyesters and copolyesters were synthesized with the same protocol, 

i.e. by polycondensation (transesterification). The chemical structures, weight-average 

molecular weights (!"#####) and number-average molecular weights (!$####), determined by NMR 

(Nuclear Magnetic Resonance) and Gel Permeation Chromatography (GPC) respectively, are 

reported in Table II.1. The ratio of 2,5-FDCA DME (dimethyl-2,5-furandicarboxylate) for each 

sample was verified by 1H NMR (the corresponding spectra are reported in Annex A). 

 

Table II.1: Ratio of 2,5-FDCA DME, weight-average molecular weights (%&#####) and number-

average molecular weights (%'####) of 2,5-PEF, 2,4-PEF and 2,5-2,4-copolymers. 

Sample Repeating unit 
2,5-FDCA 

DME ratio 
%&##### %'#### 

  (%) (kg/mol) (kg/mol) 

2,5-PEF 

 

100 18.2 15.3 

PE-2,5[90]-2,4[10]F 

 

90 14.7 9.1 

PE-2,5[85]-2,4[15]F 85 15.2 9.2 

PE-2,5[50]-2,4[50]F 50 23.3 13.2 

2,4-PEF 

 

0 11.4 8.5 

 

O
O

O

O

O

x

O
O

O

O

O

O

O

O

O

O

x y

O

O

O

O

O

y



Materials and Methods 

 31 

Prior to characterization, all the freshly prepared samples were dried for 3 days at () + 15 °C 

(i.e. 95 °C) to remove any residual solvents used during the synthesis, and stored in a 

desiccator over phosphorus pentoxide (P2O5) until measurement.  

II.2. Characterization methods  

II.2.1. Structural characterization 

II.2.1.1. Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) spectroscopy uses the magnetic properties of selected 

atomic nuclei to provide information about the structure, dynamics, reaction state and 

chemical environment of molecules. The intramolecular magnetic field surrounding any given 

atom in a molecule has a different resonance frequency, which in turns can be related to the 

electronic structure of the molecule.  

In this work, NMR spectroscopy was used to verify the position of the carbonyls on the furan 

ring and to determine the ratio of each isomer introduced in the copolymer. NMR spectra 

were recorded on a Brucker Advance III spectrometer operating at 400.17 MHz (1H) and 100.62 MHz (13C) (the analyses were performed at FBR, WUR). Solutions were prepared using 

deuterated dimethylsulfoxide (DMSO, Sigma Aldrich) and chloroform (CHCl3, Sigma Aldrich) 

as solvents.  

II.2.1.2. Fourier-Transform InfraRed Spectroscopy (FTIR) 

Fourier-Transform InfraRed spectroscopy (FTIR) provides information on the chemical 

structure of organic molecules, as well. The vibrational frequencies of different chemical 

bonds are typically evidenced through characteristic absorption peaks. Before FTIR analyses, 

the samples (in the form of powders) were compacted into pellets of 5 mm diameter using an 

Atlas Series Evacuable Pellet Press Die under a pressure of 1 ton. FTIR spectra were then 

collected at room temperature in Attenuated Total Reflectance (ATR) mode on a Thermo 

Scientific Nicolet iS10 spectrometer equipped with a diamond crystal. Absorbance spectra 

were obtained by collecting 16 scans with a resolution of 4 cm-1. A blank scan was recorded 

prior to sample scan to correct for atmospheric CO2 and H2O. 
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II.2.2.2. Modulated ThermoGravimetric Analysis (MTGA) 

Modulated TGA (MTGA) was also carried out to obtain the kinetic parameters associated to 

mass loss, i.e., the activation energy as a function of reaction extent, mass loss or temperature. 

The kinetics of a reaction can be expressed by the rate equation, which gives the relationship 

between the rate of reaction, time, and the amount of material that progressively undergoes 

the reaction. The temperature dependence of the rate of reaction can be described by the 

Arrhenius equation. Indeed, the rate equation and the Arrhenius equation are frequently 

combined into a single equation of the following form 3: 

 GLGM = N[P(L)]RSTU VW⁄  (II.2)  

Where L is the fraction of sample that has already reacted, GL GM⁄  is the rate of reaction, N is 

a pre-exponential factor, P(L) is the kinetic expression,	YZ is the activation energy, [ is the 

universal gas constant, and ( is the temperature. 

 

MTGA is based on a method initially proposed by Flynn in 1968 4, and recently implemented 

and patented by TA Instruments 5. In MTGA experiments, a sinusoidal temperature 

modulation is superimposed on the underlying linear heating-rate profile used in conventional 

TGA. This results in an oscillatory response in the rate of weight loss, whose deconvolution via 

real-time discrete Fourier transform gives the kinetic parameters. The activation energy of 

thermal degradation can then be determined at any step of decomposition reaction from 

Equation II.2: 

 YZ = [((\ − ]\)^2] 	 (II.3)  

Where ( is the average temperature, ] is the amplitude temperature and ^ is the natural 

logarithmic ratio between the maximum and minimum rates of degradation, as determined 

from the amplitude of the weight loss signal by discrete Fourier transform 5. 

 

The calculation of YZ can be done without assuming any kinetic model, i.e., it is “model free”. 

However, a kinetic model must be assumed to calculate	log N. Assuming a first-order kinetics, log N	can be obtained from the value of YZ via the following equation 5: 

 log N = log b GL1 − Lc + YZ2.303[( (II.4)  
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In this work, MTGA was performed with the following sinusoidal temperature program: the 

samples were heated from room temperature to 600 °C at 2 °C/min with a continuous 

amplitude modulation of ±	5 °C and a period of 200s under a continuous flow of gaseous 

nitrogen (25 mL/min). 

II.2.2.3. Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is a technique used to study thermal events, such as 

crystallizations, melting or oxidations, as well as any other evolution of a material as a function 

of temperature or over time, such as physical aging. During physical transitions, heat is either 

absorbed (endothermic) or released (exothermic). The principle of DSC relies on the 

quantification of the difference in amount of heat required to increase the temperature of a 

sample with respect to a reference. Thus, the apparatus provides a signal that corresponds to 

the heat flow absorbed or released by the sample as a function of time and temperature, 

determined as a differential measurement of temperatures. Two types of DSCs exist, namely 

heat-flux DSC and power-compensation DSC. 

 

In this work, DSC experiments were performed by using two heat-flux DSC equipment, the 

DSC Q2000 and the DSC 2920 (TA instruments). The DSC 2920 was mostly used for the 

crystallization studies.   

 

In conventional DSC, the temperature ramp applied to the sample and the reference is linear:  

 ((M) 	= 	(e 	+ 	fM	 (II.5)  

In which ((M) is the temperature at the time M, (e 	is the initial temperature and f is the 

scanning rate. 

 

The heat flow g resulting in the heat transfer h is expressed as follow:  

 g = GhGM = H G(GM  (II.6)  

Where H is the heat capacity.  

 

In a heat-flux calorimeter, the sample and the reference are placed in the same furnace, as 

presented in Figure II.4. A variation of temperature is applied to the entire furnace and the 

heat hi  and hV   are transferred to the sample and the reference, respectively. 
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II.2.2.4. Modulated Temperature-DSC (MT-DSC) 

During the heating and cooling ramps of conventional DSC experiments, the samples 

experience thermal reactions that change their physical and/or chemical properties. These 

reactions include glass transition, crystallization, melting, oxidation, curing, evaporation, etc. 

Some of these reactions may occur at the same time or in the same range of temperature, 

and the respective heat flows may therefore be overlapped and impossible to distinguish. 

According to Reading et al. 7, the heat flow g measured from conventional DSC experiments 

can be expressed as follow:  

 g = GhGM = H∗f + P(M, () (II.9)  

Where P(M, () represents the part of the heat flow related to the kinetics (or non-reversing 

events), also called non-reversing heat flow gwV.  

 

The part of the heat flow related to the thermodynamics, also called reversing heat flow gV, 

is expressed as the product of the complex heat capacity H and the scanning rate f.	
Conventional DSC applies linear temperature ramps; in MT-DSC, Lacey et al. 8 proposed to 

super-impose a sinusoidal temperature oscillation to the linear temperature ramp, in order to 

dissociate reversing and non-reversing events:  

 ( = (e + fM + ]xyD(zM) (II.10)  

In which ] is the amplitude and z is the angular frequency of the temperature modulation, 

with a period of oscillation {	 = 	2|/z. 

 

Equation II.10 can be written as: 

  g = GhGM = H∗~f + ]zcos	(zM)Ä (II.11)  

Where H∗ is the complex heat capacity defined as:  

 H∗ = ]ÅÇ]É  (II.12)  

Where ]ÅÇ  and ]É  are the amplitudes of the heat flow modulation and the heating rate 

modulation, respectively.  
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The thermodynamic events are related to the vibrational and translational motions of the 

molecules; these motions are very fast and can easily follow any sample temperature 

modulation. On the other hand, the kinetic events cannot react to the temperature 

modulation and do not contribute to the modulated part of the heat flow.  

 gV = H∗f = ]ÅÇ]É f (II.13)  

 

 gwV = GhGM − H∗f (II.14)  

In addition, a phase lag g exists between the calorimeter’s response function (the total heat 

flow) and the temperature modulation.  

As a consequence, two components of the apparent heat capacity can be calculated according 

to the following equations:  

 HÑ = |H∗|cos	(g) (II.15)  

 HÑÑ = |H∗|sin	(g) (II.16)  H’	is the in-phase component of the heat capacity (related to gV) and H’’ is the out-of-phase 

component of the heat capacity (related to gwV). 

 

The calibration of MT-DSC is similar to the calibration of conventional DSC; an additional step 

should be performed to calibrate the heat capacity in temperature-modulation mode. This 

last step uses a standard sample of sapphire because sapphire does not undergo any transition 

in the temperature range typically explored for polymers. The heat capacity of sapphire as a 

function of temperature is highly repeatable and precisely known. Similarly to the calibration 

step performed with indium, that should be repeated whenever the heating rate is changed, 

the calibration step with sapphire in temperature-modulation mode should be repeated 

whenever the amplitude, the scanning rate or the period of oscillation are changed. A 

calibration factor ámà  is then calculated from the comparison of the experimental and 

theoretical heat capacity values. The ámà  factor is averaged on the selected temperature range 

and then used to correct the apparent heat capacity of the samples.  

 ámà(() = HâäUààãåçé	èãéêçéèåëUí(()HâäUààãåçé	éìàéçåîéïèUí(() (II.17)  
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II.2.2.5. Dielectric Relaxation Spectroscopy (DRS) 

Dielectric Relaxation Spectroscopy (DRS) is a powerful technique to study the relaxation 

dynamics in dielectric materials. The advantage of this technique is that it routinely covers a 

range between 9 and 12 decades of frequency (or time) 9. DRS consists in studying the motion 

of permanent dipoles present in dielectric materials as an effect of an applied alternating 

electric field Y(z). In the case of polymer dielectrics, the net dipole moment per unit volume 

(i.e. the polarization) corresponds to the vector summation of the dipoles present in the 

repeating unit itself, plus the dipoles resulting from the sequence of repeating units within the 

polymer chain and the assembly of polymer chains in the overall system. The electric stimulus 

deforms the electronic clouds with respect to the atomic nuclei (electronic polarization) and 

creates an induced dipole moment in the atoms (atomic polarization).  

The polarization phenomena observed in polymers arise from the rotational mobility of 

permanent dipole moments (µ). The reorientation of the permanent dipoles of the molecules 

can be used to determine sample properties such as permittivity, energy storage, resistivity 

and dissipation. Such properties give information on molecular motions occurring within the 

materials as a function of frequency and temperature. For all these reasons, DRS is nowadays 

widely employed to investigate the molecular mobility in a wide range of materials 10–14.  

 

In the frequency range 10Sñ-10ó Hz, the sample can be regarded as a circuit composed of an 

ideal capacitor and an ohmic resistor assembled in parallel or in series. The complex 

impedance N∗(w) of the circuit is measured by the spectrometer and expressed in terms of 

energy dissipation or resistance [(w), and energy storage or capacitance H(w), where w is 

the angular frequency calculated from the frequency P through the following equation:  

 z = 2|P (II.18)  

 

Other properties, such as the electrical modulus !∗(w), the electrical conductivity ò∗(w), the 

resistivity [∗(w) and the complex dielectric permittivity ô∗(w) are directly derived from the 

complex electrical impedance N∗(w). 
To measure N∗(w), a sinusoidal voltage ö∗(w) at a fixed frequency is applied to the sample:  

 ö∗(w) = öoexp	~û(zM)Ä (II.19)  
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The current üi∗(z) is then measured across the sample:  

 üi∗(z) = üoexp	~û(zM + †)Ä (II.20)  

Where j is the phase shift between the applied voltage and the measured current.  

 

The value of N∗(w) is then obtained as 15: 

 N∗(w) = ö∗(w)üi∗(z)  (II.21)  

 

The experimental equipment used in this work calculates the impedance from the 

measurements of two voltages °¢ and °\ corresponding to the voltage generated and applied 

to the sample cell and the voltage converted from the sample current üi(w), respectively. A 

schematic representation of the equivalent circuit is shown in Figure II.7. These voltages are 

then analyzed with the Fourier transform technique to extract information on their 

amplitudes and phases.  

The complex dielectric permittivity (ô∗) can be derived from the measurement of N∗(w):  
 ô∗(z) = 1yzN∗(z)Ho (II.22)  

 

 ô∗(z) = ôÑ(z) − yôÑÑ(z) (II.23)  

Where ôÑ(z) is the real part of ô∗ (related to the energy stored within the medium) and ôÑÑ(z) 
is the imaginary part of ô∗ (related to the energy dissipated throughout the medium).  

 

The dielectric permittivity characterizes the ability of the charges within a material to displace 

or reorient in the presence of an external electric field. Its experimental determination is 

highly valuable to obtain information on the mobility of the dipoles within a material. 

Assuming that the electric field penetrates only in the sample and its substrate, the measured 

capacity	Hr∗  is given by 16:  

 Hr∗ = Ho(ôk∗ + ôk£∗ )	 (II.24)  

Where ôk∗ and ôk£∗ 	are the complex permittivity of the sample and the substrate, respectively. 
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Analysis of the experimental data 

One of the most important applications of DRS is the investigation of the relaxation processes, 

which is generally done with different model functions. One of the theoretical models allowing 

to calculate the time-dependence of the dielectric behavior is the Debye function 17.  

 

The Debye function expresses the frequency-dependence of the complex dielectric 

permittivity as:  

 ô∗(z) = ôß + ∆ô[1 + (yz®©)] (II.25)  

Where ∆ô is the dielectric relaxation strength and ®© is the Debye relaxation time related to 

the position of the maximum of the loss peak. 

 

In this case, the shape of the loss peak is supposed to be symmetric. In practice, the Debye 

function is not sufficient to fit the experimental results obtained for complex systems like 

amorphous polymers. In most cases, the loss peak is not symmetric; a broadening of the loss 

peak and an increasing asymmetry is often observed, with the appearance of a high-frequency 

tail (non-Debye relaxation behavior). The broadening of the dielectric function can be taken 

into account thanks to the Cole-Cole (CC) function 18:  

 ô∗(z) = ôß + ∆ô[1 + (yz®mm)]¢S™  (II.26)  

Where, 0 < a ≤ 1 expresses the asymmetric broadening of the relaxation function. 

 

Equation II.26 can be used to fit the dielectric spectra of glass-forming liquids or polymers 

having asymmetrical loss peaks and wider dispersion areas in comparison with the Debye 

formula. For higher frequency ranges, Cole and Davidson (CD) suggested the following 

formula, particularly suitable for liquids and low molecular glass-forming substances having 

an asymmetric broadening of the loss peak 19: 

 ô∗(z) = ôß + ∆ô[1 + (yz®m©)]É  (II.27)  

Where 0 < b ≤ 1	and a = 1 are the parameters that take into account the asymmetric 

broadening of the relaxation function for the Cole/Davidson-relaxation time. 
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A more general model function was introduced by Havriliak and Negami (HN) 20, which is a 

combination of the Cole/Cole and Cole/Davidson functions. The HN function can be expressed 

as:  

 ô∗(z) = ôß + ∆ô[1 + (yz®Åw)™≠Æ]É≠Æ  (II.28)  

For L	 = 1 and f	 = 1, the HN equation is reduced to the Debye function. 

The CC and DC dispersions in a given range of frequency are broader than for Debye relaxation, 

as shown in Figure II.8.  

Figure II.8 shows that the dielectric loss (ôÑÑ) is broader and its intensity decreases when the 

shape parameters L and f change 11. In practice, the dielectric spectra of a complex system 

do not exhibit isolated loss peaks. Instead, various relaxation processes and conduction effects 

might altogether contribute to the dielectric spectra. The conduction effects are usually 

analyzed by including an additional contribution to the function fitting the dielectric loss:  

 ôÑÑ = òo(zkôo) (II.29)  

Where òo  accounts for the Ohmic conduction related to the mobile charge carriers, x is a fitting 

parameter and ôo is the dielectric permittivity of vacuum.  

 

 

Figure II.8: Imaginary part of the complex dielectric spectra as a function of frequency for a 

2,5-PEF sample at Ø∞ °C. Several fitting functions (Debye, Cole-Cole (CC), Cole-Davidson (CD) 

and Havriliak-Negami (HN)) have been represented to illustrate how they take into account 

the eventual asymmetry and broadening of the dielectric loss peak.  
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Throughout this work, the analysis of DRS data has been performed using the software Grafity 

v.0.5.5. If two relaxation processes were observed in the experimental frequency window, a 

sum of two HN functions was used to fit the experimental data. The HN function for the real 

part of the complex dielectric permittivity is expressed as:  

 ôÑ = ôß + ∆ôÅw × ±Ix(fÅw†)
b1 + 2(z®Åw)™≠ÆxyD p|(1 − LÅw)2 q + (z®Åw)\™≠ÆcÉ≠Æ\  

(II.30)  

 

The HN function for the imaginary part of the complex dielectric function is expressed as:  

 ôÑÑ = ∆ôÅw × xyD(fÅw†)
b1 + 2(z®Åw)™≠ÆxyD p|(1 − LÅw)2 q + (z®Åw)\™≠ÆcÉ≠Æ\  

(II.31)  

 

With 

 † = ≤≥±M≤D ¥ xyD pfÅw|2 q
(z®Åw)SÉ + ±Ix pfÅw|2 qµ (II.32)  

Where ôß 	 is the unrelaxed dielectric permittivity, ∆ôÅw	 is the relaxation strength, ®Åw is a 

characteristic relaxation time and LÅw and fÅw  are shape parameters describing the 

symmetric and asymmetric broadening factors of the dielectric spectra.  

 

From the estimated values of ®Åw, LÅw and fÅw  , a relaxation time associated to the maximum 

of the relaxation peak ®rZ∂ 	=	1 (2p	PrZ∂)⁄  was calculated according to 15:  

 

®rZ∂ = ®Åw × ¥xyD pLÅwfÅw|2 + 2fÅwqxyD p LÅw|2 + 2fÅwqµ
¢™≠Æ

 (II.33)  

 

More consistent fitting results have been obtained by performing, for all the considered 

samples, the same fitting procedure on both the real and imaginary parts of the dielectric 

signals.  
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Likewise, at the switch-over of the field, the polarization decreases according to a law of the 

following form: 

 æ = æ¬R«{ »− ~M − MâÄ® … (II.37)  

With Mâ is the polarization time. 

 

In this work, TSDC experiments were performed using interdigit electrodes (IE) placed in the 

TSDC sample cell, in a 6517B electrometer/high resistance meter (Keithley) provided by 

Novocontrol Technologies. IE calibration was performed as previously described in the case of 

DRS measurements. The temperature was controlled with a nitrogen gas flow heated and 

cooled with the help of a Novocontrol Quarto system. The samples were first heated up to 5	°C above the calorimetric glass transition temperature () WS©im 	in order to erase their 

previous thermos-mechanical history. Then, a protocol was performed to select the optimal 

polarization temperature, during which the samples were polarized with a direct field of 1 × 10ø V/m from () WS©im − 2 °C to () WS©im + 10 °C every 2 °C and then rapidly cooled 

down to 0 °C while keeping the applied electric field. The depolarization current was recorded 

while applying a linear ramp from 0 °C to 110 °C at 5 °C/min. This procedure was found to 

provide the best comprise to obtain well-defined non-partial polarization peaks while avoiding 

parasite phenomena such as conductivity. The different protocols to select a polarization 

temperature is presented in the Figure II.15. Finally, we choose to keep () WS©im + 6 °C like 

polarization temperature. 
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Figure II.15: TSDC results obtained with different polarization temperatures. 
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Introduction 

The glass transition is a phenomenon which determines the physical behavior of non-

crystalline systems, such as mineral glasses and polymers, as a function of temperature. It 

corresponds to a transition of a glassy system from the solid behavior to a liquid-like behavior. 

Many physical properties (specific volume, viscosity, dynamic elastic modulus, conductibility, 

specific heat, etc.) undergo a modification in the region of the glass transition. The study of 

the glass transition is interesting from a theoretical point of view, because it deals with the 

physics of condensed matter, but it is also relevant from a technological point of view, because 

the glass transition is often taken as a key-parameter to select the most suitable material for 

a given application.  

III.1. Generalities on the glassy state and the glass transition 

III.1.1. Amorphous state 

Non-crystalline (also called amorphous) state is defined as a disordered configuration of 

atoms or molecules characterized, from a microscopic point of view, by a lack of long-range 

order. The atomic or molecular stacks can be represented by the radial distribution function 

!(#), defined such that !(#)%# represents the number of atoms whose distance from a given 

atom is between # and # + %#.  

 

 

Figure III.1: Evolution the radial distribution function for different degrees of disorder. 
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III.1.2. Glass formation 

At temperatures below the crystallization temperature '(, the crystalline phase is the most 

stable phase. Theoretically, there are many ways to obtain non-crystalline materials at ' < '(, 

as shown by Figure III.3: 

• Deposition by condensation (evaporation under vacuum, sputtering, etc.) 

• Rapid solvent evaporation 

• Precipitation or coprecipitation 

• Crystal destruction (by mechanical grinding or irradiation) 

• Rapid cooling of the liquid 

 

Figure III.3: Different ways to form a material in the amorphous state at * < *+. 
In the case of polymers, the D path is not possible. Indeed, the transition to the vapor state 

would require to overcome a large number of secondary bonds (Van der Walls, hydrogen, etc.) 

and involve so much energy that the macromolecule would be exposed to degradation 

temperatures. B path is the most conventional route to obtain a polymer in the glassy 

amorphous state. Any liquid can form a glass if the cooling rate is sufficiently high to avoid the 

crystallization at '(. 

 

The thermodynamic path associated to the formation of a glass by cooling a liquid at 

sufficiently high cooling rates is shown in Figure III.4. This figure represents the evolution of 

the specific volume , as a function of the temperature ' (enthalpy and entropy follow similar 

evolutions). Firstly, the coefficient of thermal expansion for a liquid is higher than for a solid 

(being it glassy or crystalline).  
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In the solid state, only atomic vibrations are allowed, whereas in the liquid state both atomic 

vibrations and changes in atomic configuration are present. During the cooling of a 

supercooled liquid, the excess of specific volume in the liquid with respect to the solid 

decreases; the number of weak bonds overcome by thermal activation decreases, and 

subsequently the cohesion increases. As a consequence, the modes for configurational 

changes become slower and slower. Below a certain temperature, such a metastable state of 

equilibrium can no longer be maintained and the system gets stuck in a given spatial 

configuration, as if it were frozen, while the temperature keeps on decreasing: this step 

corresponds to the formation of a glass.  The temperature at which freezing is observed is 

called the glass transition temperature '-. 

 

 

 
Figure III.4: Schematic illustration of the temperature dependence of the thermodynamic 

properties (specific volume, enthalpy or entropy) of a glass-forming liquid. '.: Kauzmann’s temperature; '-: glass transition temperature; '/: melting temperature; ∆1(: 

configurational entropy ∆1( = 1345647 − 1(9:;<=3; Dotted line: thermodynamic equilibrium. 
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III.2. Nature of the glass transition and essential experimental 

aspects 

The glass transition is not a thermodynamic transition stricto sensu. The first and second 

derivatives of the temperature evolution of the thermodynamic variable free energy > (Figure 

III.5), are represented by the specific volume ,, the specific enthalpy ? and the specific 

entropy 1 on one hand, and the coefficient of expansion @, the specific heat AB and the 

isothermal compressibility CD  on the other hand): 

 , = EF>FGHD  (III.1) 

 ? = > − ' EF>F'HB (III.2) 

 ? = > − ' EF>F'HB (III.3) 

 1 = −EF>F'HB (III.4) 

And: 

 @ = 1
, E
F,
F'HB =

1
, J

FK>
FGF'L (III.5) 

 AB = EF?F'HB = −'J
FK>
F'KLB (III.6) 

 CD = − 1, E
F,
FGHD = −

1
, J
FK>
FGKLD  (III.7) 

 

A first-order transition is a transition for which > is a continuous function of the state variables 

(M, , and '), but its first-order partial derivatives (,, ? and 1) are discontinuous 3,4. In the 

case of second-order transitions, the G function is continuous as well as its first-order partial 

derivatives ,, ? and 1, but the second-order partial derivatives are discontinuous (@, AB, CD). 

Even if some of its behaviors are similar to those of a second-order transition, the glass 

transition does not show any discontinuity in the second-order partial derivatives of >. 

Therefore, the glass transition cannot be considered as a second-order transition. 

This attempt at thermodynamic interpretation of the glass transition highlighted a 

phenomenon called Kauzmann’s paradox 5.  
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The cooling rate OP is defined as the first derivative of the temperature ' with respect to time 

Q:  
 OP = %'%Q  (III.8) 

By assimilating the cooling process to a series of temperature steps, it is possible to obtain 

information about the time Q spent at each temperature ' plateau:  

 Q = '
OP (III.9) 

Obviously, the higher the cooling rate, the shorter the time spent at each temperature (and 

vice-versa). This interpretation allows to introduce the notion of relaxation time R, i.e. the 

time required by a system to recover equilibrium after an external perturbation (thermic, 

mechanical, electrical...) 7. During cooling, the liquid goes out of equilibrium whenever the 

time spent at each temperature is smaller than the relaxation time. Unsurprisingly, most 

investigations about the glass transition aim at evaluating the temperature dependence of the 

relaxation time. The glass transition is also interesting because it is a phenomenon that is 

shared by various glass-forming liquids having different chemical natures, involving ionic 

interactions, van der Waals forces, hydrogen bonds, covalent bonds or metallic bonds; every 

material that shows a glass transition may have a liquid-like structure, but a solid-like 

mechanical behavior at different temperatures and time scales.  

Due to its temperature dependence, the vitrification process can be more or less delayed by 

using lower cooling rates. If the cooling rate is too high, the rearrangement of the atoms or 

molecules within the material will be limited, and the system will quickly “freeze”.  

On the other hand, if the cooling rate is low enough, the rearrangement of the atoms or 

molecules will be facilitated and the system will “freeze” less rapidly.  

Figure III.6 shows that the glass transition temperature is a phenomenon depending on the 

cooling rate: fast cooling rates lead to high glass transition temperature values, and vice-versa. 

This dependence has been widely observed through experiments 8,9 and points out the kinetic 

nature of the glass transition, namely its frequency dependence.  
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The most important structural factors that influence the glass transition are: 

• The flexibility of the chain 

• The steric factors that occur when the additional groups are found as substituents of 

the main chain 

• The configuration effects (i.e. the configuration of the chains in the material) 

• The polarity of the groups of the macromolecule (or inter-chain attractive forces) 

• The nodes of crosslinking 

• The molecular mass 

• The crystallization 

In general, any modification of the structure which is supposed to limit the amplitude of the 

macromolecular movements, also leads to an increase in the glass transition temperature. 

III.3. Main structural transitions 

III.3.1. Elementary acts of movement in polymers 

The elementary acts of molecular movement in polymers are related to a rotation around 

single covalent bonds. During the rotation, the bond angle does not change. Rotations are 

favored by an elevation in temperature but disadvantaged by other parameters, such as the 

rigidity of the backbone, the sterical hindrance of the lateral groups, the existence of 

secondary bonds between atoms or functions beard by lateral groups and neighboring 

molecules. At low temperature, only the movements of short segments are possible, involving 

a few repeating units. As temperature increases, the mobility extends to bigger portions of 

the macromolecular chains, and the rotation of several tens of repeating units becomes 

possible. Finally, when the temperature becomes sufficiently high, all the polymer chains are 

able to move with respect to each other. 
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III.3.3. Experimental manifestation of transitions 

Both the main and secondary transitions can be observed experimentally. Differential 

Scanning Calorimetry (DSC) is not able to detect O and Z transitions, as the energies involved 

are too low. The DSC signature characteristic of the glass transition is clearly observable given 

that the heat capacity step (∆AB = AB(\]^) − AB(!\_``)) recorded upon heating is sufficiently 

large (∆AB > 0.1 J/(g.K)). 

O and Z secondary transitions can be observed by other spectroscopy techniques, such as 

Dynamic Mechanical Analysis (DMA), Thermally Stimulated Depolarization Current (TSDC) or 

Dielectric Relaxation Spectroscopy (DRS). 

III.4. Structural relaxation 

III.4.1. Introduction 

The transition from the liquid to the vitreous state takes place in a temperature range called 

the glass transition domain. A glass is thermodynamically out of equilibrium and is therefore 

characterized by an excess of internal energy. Structural relaxation is a phenomenon that 

appears when a liquid, in its equilibrium state at a temperature 'b, is quenched to a 

temperature 'K < 'b. During the cooling process, the structure undergoes at first a steep 

contraction, then follows a series of gradual rearrangements that aim at reaching the 

equilibrium. An instantaneous (elastic) contraction of the system would be purely due to 

vibrational relaxations; the rearrangements observed after vitrification are gradual and are 

known as the structural relaxation. A variation of several physical (thermal, mechanical, 

electrical, optical, etc.) properties can be observed over time for polymers maintained at 

temperatures right below and close to their glass transition temperature. These effects are 

the manifestation of a process called physical aging 14. Physical aging can be totally reversed 

by thermal treatment; in this case the glass is generally referred to as rejuvenated. As such, 

physical aging is opposed to chemical aging (by oxidation, UV radiation, etc.), which is 

associated to an irreversible change of the system. 
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In addition to the aging time, the aging temperature is also an important experimental 

parameter. Indeed, if the aging temperature is too far from the glass transition, no evolution 

of the structure can be observed in an experimentally reasonable time; on the other hand, if 

the aging temperature is too close to the glass transition temperature, the evolution will be 

almost instantaneous. 

Structural relaxation has two aspects: one is kinetical and the other is thermodynamical. 

The kinetical aspect of the structural relaxation is given by the influence of the cooling rate on 

the glass transition: the lower the cooling rate, the lower the glass transition temperature. 

The mechanisms of the structural relaxation being slower than those appearing at the glass 

transition, it is reasonable to think that more information on the vitreous state can be 

obtained by investigating the kinetics of the structural relaxation.  

III.4.3. Experimental features of the structural relaxation 

The structural relaxation can be studied using calorimetric, dilatometric or more generally 

thermal, mechanical or electrical measurements 15–20. The characteristics of the structural 

relaxation that emerge from the works in the literature are that: 

• The structural relaxation is a phenomenon observed for all vitreous materials or any 

material containing a significant amount of amorphous phase. 

• The return to a metastable equilibrium is faster when the isothermal aging is carried 

out at a temperature close to the glass transition temperature. 

• The return to equilibrium is an "intrinsically slowing down" process: the longer the 

aging time Q=, and the bigger the difference between the aging temperature '=	and 

the glass transition temperature, the lower the molecular mobility 14. 

• The evolution towards equilibrium in isothermal conditions is non-linear 16. 

• The evolution of the material depends on its thermal history 16,21,22. 

• The structural relaxation cannot be described by a single time constant or a single 

relaxation time 14,19,20,23,24, but requires the use of a distribution of relaxation times 

reflecting the non-exponential nature of its kinetics. 
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III.4.4. Non-exponential behavior and memory effect 

The non-exponential nature of the structural relaxation has been demonstrated by Rekhson 

21 and Goldstein 25, who carried out the "cross-over" or "memory effect" experiments 24,26,27 

described in Figure III.9. In these experiments, it is proposed to follow the variations of a 

property g(', Q) of the material with time at a temperature '. It is also possible to follow the 

variations of the quantity ig(', Q) defined by: 

 ig(', Q) = g(', Q) − gj5(') (III.10)  

Where gj5(') is the equilibrium value of the g property at the temperature '. 

 

Consider a sample in its equilibrium state at a temperature ' > '-. The sample is cooled down 

to a temperature 'K < '- and kept in isothermal conditions during a time sufficiently long for 

the property g to reach a g∗ value. The variation ig∗('K, QK) = g('K, Q) − g∗('K, QK) 
corresponds to ig∗('b, Qb) = g('b, Q) − gj5('b), which is the variation necessary to reach 

the equilibrium at a temperature 'b ('K < 'b < '-) within a time Qb < QK (pathway 1 in Figure 

III.9). Pathways 1 (AD) and 2 (ABC) can be considered as equivalent from the point of view of 

structural relaxation. Pathway 2 is then terminated by heating the material to the temperature 

'b (CD), where the property g is measured as a function of time. As the variation ig∗ allows 

to reach the equilibrium for the property	g at temperature 'b, and since the pathway (ABC) 

is supposed to bring the material in the same state of equilibrium as the AD path, it can be 

expected that this property stays constant as a function of time. Figure III.10 presents the 

trends for isothermal recovery of property g at temperature 'b as a function of time (from 

point A to point D for pathway 1, and from point D to point D for pathway 2). This figure shows 

that, even in the case of pathway 2, the property g changes with time and has a "memory 

effect” due to the thermal history of the material. The two systems are therefore not in the 

same state. 

The hypothesis of a model with a first-order parameter that implies a unique delay 

mechanism, where the characteristic time only depends on the instantaneous structure of the 

material, cannot account for such a "memory effect”. 
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Williams and Watts 31 were the first authors to suggest that the peaks obtained by DRS on the 

curves of the loss factor have an asymmetric shape that is not related to the distribution of 

the relaxation times, but should be taken into account by a non-exponential correlation 

function (e.g. Kohlrausch’s formula) which would rather be due to the cooperativity of the 

molecular movements during relaxation. Cooperativity expresses the “degree of connection” 

of all the acts of movement of the relaxing moieties. Non-cooperative systems relax through 

movements that are independent from each other, whereas in cooperative systems the 

movement of each relaxing unit is possible only if the surrounding molecular moieties are 

relaxing too. The exponent O is therefore a parameter that could be used to evaluate the 

degree of cooperativity of a system (infinite if O = 0, zero if O = 1). 

III.5.2. Vogel-Fulcher-Tammann (VFT)  

An equation describing the variations of the viscosity y (or the relaxation time R) in the 

temperature range from '- to '- + 100 K has been proposed by Vogel 32, Fulcher 33 and 

Tammann 34 and (VFT equation):  

 y(') = yzlmG E {
' − 'zH (III.12)  

Where yz (or Rz) is a pre-exponential factor, { is a fitting parameter that is dimensionally 

homogeneous to a temperature, and 'z (sometimes found as '|) is the Vogel’s temperature, 

i.e. the temperature at which an asymptote is observed for the relaxation time as a function 

of 1 '⁄  (R → ∞). { corresponds to �'z, where � is a quantity also known as the “timescale 

steepness” characteristic of the glass formation. Besides, in the literature, 'z is sometimes 

considered as the timescale equivalent of the Kauzmann’s temperature '.. 

The viscosity y and the relaxation time R are linked to each other by the following relation 35: 

 y = >ÄR (III.13)  

Where >Ä is the modulus of elasticity after infinite time, corresponding to a state of complete 

relaxation. 
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III.5.3. Classification of glass-forming liquids (strong vs. fragile) 

Angell 36 found out that the variations of \Å!bz(y) (or \Å!bz(R)) as a function of '- '⁄ , 

regardless of the nature of the material, could be divided into two large families (Figure III.12). 

When \Ç(y) (or \Ç(R)) as a function of 1 '⁄   can be fitted by an Arrhenius law, the behavior is 

defined as “strong”: 

 ln(y) = Ö + { '-'  (III.14)  

 Strong glass-forming liquids typically show small variations of the specific heat capacity at the 

glass transition ∆AB('-), hich can be interpreted as a good stability of short and medium range 

molecular arrangements. 

Angell 37 proposed an approach based on a so-called diagram of potential energy landscape, 

which takes into account all the possible configurational states of the material. Based on this 

concept, two physical parameters (the height of the potential barriers to cross ∆Ü and the 

number of accessible minima áà) should be considered. From this point of view, strong glass-

forming liquids are characterized by large heights of potential barriers and a relatively low 

numbers of accessible minima (Figure III.13). 

 
Figure III.12: Angell’s plot: variations of the viscosity (or the relaxation time) as a function 

of the temperature normalized to the glass transition temperature *X *⁄ . This plot defines 

two main classes of glass-forming liquids: “fragile” (non-linear temperature dependence) 

and “strong” (linear temperature dependence). The slope at * = *X defines the so-called 

fragility.  
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The behavior of “fragile” glass-forming liquids, for which the variations of \Ç(y) (or \Ç(R)) as 

a function of 1 '⁄  is non-linear, can be described by a VFT law (Equation III.12). Fragility is 

associated with large variations in the specific heat capacity at the glass transition, a greater 

number of possible energy minima, and smaller heights of the barriers of potential energy 

that should be overcome for relaxation to occur (Figure III.13). 

 

Figure III.13: Example of energy landscapes in the configuration space for "strong" and 

"fragile" glass-forming liquids. 

A quantification of the "strong" or "fragile" characters has been proposed by Plazek and Ngai 

38, who defined the fragility index â as: 

 â = %\Å!bz(R)%ä'- '⁄ ã åDçDé
 (III.15)  

The calculation of m is directly related to the derivative value of \Å!(y) (or \Å!(R)) as a 

function of '- '⁄  at ' = '-. Fragile to strong transitions are associated with a switch form 

Arrhenius to non-Arrhenius viscosity behavior. 

III.5.4. Tool-Narayanaswamy-Moynihan (TNM)  

The model based on Tool, Narayanaswamy and Moynihan’s work (TNM) 39–41 describes the 

enthalpic relaxation using the notion of fictive temperature, which defines the instantaneous 

structural state of a vitreous material. The concept of fictive temperature, introduced by Tool 

39,42 on the basis of dilatometry measurements, can be generalized to other properties such 

as volume, enthalpy, refractive index, polarization, etc. When a sample is cooled from a 

temperature 'z > '- to a temperature '= < '-, the property g reaches the value g('=) 
following the evolution shown in Figure III.14. The fictive temperature 'è of the sample at '= 

is defined as the temperature for which the out-of-equilibrium value g('=) would actually 

correspond to an equilibrium value. 

Strong Fragile

Configuration

!
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The fictive temperature 'è('=) is determined graphically by considering the abscissa of the 

point where the line parallel to the linear variation of the vitreous state and passing through 

the point g('=) crosses the line extrapolated from the supercooled liquid (i.e. from the 

equilibrium state). 

 

Figure III.14: Graphical definition of the fictive temperature *ê(*ë).  
It should be noted that the fictive temperature reaches a constant limit value, noted 'è′, when 

the temperature of the sample is much lower than '-. In the liquid state, which is an 

equilibrium state, the fictive temperature 'è is equal to the temperature '. In the case of an 

isothermal plateau carried out at the temperature '=, the return to the equilibrium of the 

structure of the glass is translated by a decrease of the fictive temperature. In the TNM model, 

after a temperature jump of amplitude ∆' from an equilibrium state at 'z, the recovery of the 

fictive temperature is described by a relaxation function such as: 

 'è(Q) = 'z + ∆'(1 − g(Q − Qb, Q)) (III.16)  

Where Qb is the moment when the abrupt change of temperature occurs.  

 

Thus, during an abrupt temperature change at time Qb, the relaxation function at time Q is 

defined by: 

 g(Q − Qb, Q) = lmG ì−î∫ 7<ñ
ó

<
<ò ôuö  for Q ≥ Qb (III.17)  
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Narayanaswamy 40 proposed the following expression for the relaxation time: 

 R = ÖlmG J?-ú' +
?;ú'èL (III.18)  

Where Ö, ?-, and ?; are material-dependent constants, and ú is the gas constant.  

 

The thermal and the structural contributions to the global relaxation phenomenon are 

described below, depending respectively on the temperature ' and the fictive temperature 

'è. When the system is at a thermodynamic equilibrium ('è = '), Equation III.18 is reduced 

to an Arrhenius equation with activation energy ?- + ?;. 
Later on, a parameter of partition m was introduced to distinguish the thermal and structural 

contributions 41:  

 R = ÖlmG Jm∆ℎ∗ú' + (1 − m)∆ℎ∗ú'è L (III.19)  

Where ∆ℎ∗ is the energy associated with the relaxation process, Ö is a pre-exponential factor 

and m is a non-linearity parameter with0 ≤ m ≤ 1. 

 

It must be emphasized that the apparent activation energy ∆ℎ∗ is a constant in the expression 

of R, which indicates that the shape of the relaxation spectrum cannot be modified; such a 

thermo-rheological simplification is also a fundamental hypothesis of the TNM model. 

The introduction of Equation III.17 (stretched exponential function) in the expression of the 

fictive temperature (Equation III.16) constitutes the basis of the TNM model. Equation III.16 

(evolution of the fictive temperature after a temperature jump) can therefore be written as: 

 'è(Q) = 'z + ∆' E1 − lmG ì− î∫ 7<ñ
ó

<
<ò ôuö	H   for Q ≥ Qb (III.20)  

A generalization of this expression in the case of several temperature jumps is obtained by 

writing that the evolution of 'è with time after the last temperature change (i.e. Q ≥ Q/) is 

given by the superposition of the responses to each temperature changes of amplitude ∆'ü  
made at the respective times Qü: 

 'è(Q) = 'z +†∆'ü î1 − gäQ − Qü , Qãô
/

üçb
 (III.21) 
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The evaluation of the °<¢ integral of the g function (Equation III.17) should take into account 

that the fictive equilibrium temperature changes at each temperature jump, and is therefore 

different with respect to the temperature used for the ° − 1<¢ jump. 

Moynihan 41 verified that Equation III.21 correctly describes the memory effect, 

experimentally observed by considering the evolution of the fictive equilibrium temperature 

determined from refractive index measurements after two temperature jumps of opposite 

signs on a sample of boric anhydride (B2O3).  

Although correct, the description of the glass transition and the structural relaxation by this 

model presents several disadvantages. For example, the choice for R (Equation III.19) giving 

the temperature-dependence of an Arrhenius behavior when an equilibrium state is reached 

('è = ') is not in agreement with all the WLF behaviors observed experimentally. 

III.5.5. Donth's approach 

III.5.5.1. Introduction 

The @ and O relaxation processes in a material can be studied by stressing it in dynamical 

conditions over a wide range of frequencies. Donth 43 defines the @ relaxation process 

revealed by dynamical measurements as a dynamic vitreous transition. This notion is based 

on the variations in molecular mobility (logbz(•), where • is the angular pulsation) recorded 

as a function of temperature '. The molecular mobility corresponds to the ease of movement 

of the structural units within a polymer chain, and is therefore inversely proportional to the 

relaxation time. Figure III.15 shows the evolution of molecular mobility expected when 

temperature changes. 

At very high temperatures, the temperature dependence of molecular mobility follows an 

Arrhenius law (Region "A" in Figure III.15). This general behavior appears modified as the 

temperature decreases and reach a critical value, called the "crossover" temperature '¶  (point 

"C" in Figure III.15). The idea of a “crossover” region was evoked for the first time in the 70’s 

by Johari 44, who predicted an increase in cooperativity at ' < '¶ . 

The “crossover” region separates the linear Arrhenius behavior occurring in the so-called hot 

liquid (' > '¶) from the non-linear	@ relaxation process occurring in the so-called cold liquid 

(' < '¶). 
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Figure III.15: A schematic plot of log(1/t) versus 1/T depicting the main relaxation process 

(ß process), the S relaxation process (localized or secondary), the cross-over region (C) 

where the temperature dependences of the ß and S processes merge, and high 

temperature process called relaxation A (Arrhenius).  '¶  is the cross-over temperature; '- is the glass transition temperature and 'z is the Vogel 

temperature. 

The existence a critical value of temperature '¶  suggests a change in the relaxational 

dynamics: at ' > '¶  the molecular movements are characterized by a spatial homogeneity 

that is not ensured at ' < '¶ , when dynamical heterogeneities appear and the main 

relaxation process becomes cooperative. The notions of cooperativity and Cooperative 

Rearrangement Regions (CRR) were introduced as early as 1965 by Adam and Gibbs 45. The 

basic assumption is that local molecular motions are not sufficient to maintain molecular 

mobility at low values of free volume. As they get closer (because the glass-forming liquid 

contracts during cooling) and their interactions increases, the molecular segments become 

unable to relax independently from each other, and the movement of each relaxing unit 

depends on the movement of its neighbors. As a consequence, relaxation is only possible if a 

minimum number áY  of neighboring structural units is concomitantly relaxing. The áY  

structural units required for global relaxation constitute a sort of “region of cooperative 

rearrangements”. The structural units in a CRR can consist of one atom, a group of atoms, a 

molecule or the repeating unit of a polymer, according to the model used and the material 

investigated (Donth 43, Solunov 46, or Ngai 47). 
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A CRR is defined as the smallest subsystem which, provided enough thermal agitation, 

rearranges into a different configuration with movements that do not depend on its 

environment. The average size of CRR depends on temperature, and is expected to increase 

as temperature decreases. The @ relaxation process starting at ' = '¶  is a cooperative 

process including the so-called thermal glass transition according to Donth, which occurs at 

the temperature '- or 'Y. At ' = '¶ ,	the O relaxation process is distinguished from the @ 

relaxation process, because their temperature dependence keeps on following an Arrhenius 

law, is thermally activated and non-cooperative.   

III.5.5.2. Theoretical approach 

The work carried out in the laboratory on the study of the dynamics of the molecular motions 

associated with structural relaxation requires a good understanding of Donth's theoretical 

approach. The PhD thesis of Hugues Couderc 48 and Nicolas Delpouve 49 provided a good 

background of Donth’s approach and its possible applications to polymer systems. 

In the Adam and Gibbs’ concept, each glass-forming liquid is virtually composed of 

independent subsystems (CRR) that schematically correspond to the volume occupied by all 

the relaxing units that are able to relax independently of the surrounding relaxing units. At the 

glass transition, each CRR will therefore be characterized by a specific value of the relaxation 

time R and a specific temperature of dynamic vitreous transition 'Y. The average size of a CRR 

is generally expressed as a cooperativity length ®Y. Macroscopically, a glass-forming liquid at 

the glass transition has its own distribution of relaxation times, with an average value 〈R〉, and 

its own distribution of temperature of dynamic glass transition, with an average value 〈'Y〉. 
On the basis of this theoretical assumptions, Donth 50 considers that the molecular mobility 

log	(•)	(and also the relaxation time R, because • = 1/R) is not constant throughout a CRR. 

Each CRR can therefore be divided into ] systems (or structural entities) of frequency •4(Q) 
and local free volume ¨4(Q) which fluctuate over time, under the assumption that •4  is a 

function of ¨4. As a result, each CRR has a distribution of frequencies, with an average value 

〈•〉, and a distribution of free volumes, with an average value 〈¨〉. Generalized to the entire 

sample, the material is characterized by a distribution of frequencies with an average value 

〈≠〉, and a distribution of free volumes, with an average value 〈,〉. A schematic representation 

is provided in Figure III.16. 
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The function describing the distribution of free volume with respect to frequency, also called 

the spectral density of free volume and denoted ∆,K(•), is defined as the Fourier transform 

of the autocovariance function ú|±(Qz): 
 ∆,K(•) = 1

√2∂∑ ú|±(Qz)lP4∏<π%Qz = 1
√2∂∑ ,≤(Q),≤(Q + Qz)≥≥≥≥≥≥≥≥≥≥≥≥≥≥≥≥≥≥lP4∏<π%Qz

∫Ä
PÄ

∫Ä
PÄ

 (III.23)  

Donth 43 deduced that the spectral density ª,K(•) is a distribution having a shape as shown 

in Figure III.17. This distribution has a preponderant component ° with a high local mobility 

logbz(•ü)	and a high concentration of free volume ,ü. 

 

Figure III.17: Graphical representation of the spectral density of free volume according to 

Donth's approach. 

 

The stochastic variation of the functions •4(Q) is associated with the random appearance and 

disappearance of mobility clusters in the spatial scale of a CRR and in the time scale of the @ 

process. This spatio-temporal distribution of molecular mobility corresponds to the dynamic 

heterogeneities appearing at ' < '¶  and the average distance between any two of these 

dynamic heterogeneities is the correlation length ®Y. 

 

Donth's approach suggests that mobility at a given temperature is not constant in all points of 

the material, which means that mobility should be represented as a dispersion area rather 

than as a simple curve, as shown schematically in Figure III.18. 
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The energy º can be separated into two contributions 51: 

 º = º(≈4∆) + º(Y) (III.26)  

Where º(≈4∆) corresponds to the vibrational energy and is associated to the vitreous state, 

and º(Y) is associated to the @ relaxation. 

 

Equation III.26 implies the following approximate relationship, which uses the definition of 

the heat capacity: 

 Fº(Y)
F' = FºF' −

Fº(≈4∆)
F' ≈ A|»±… ±À − A|é»ÃÕÕ = ∆A|  (III.27)  

The energy fluctuations within a CRR are characterized by the standard deviation iº defined 

as: 

 iºK = ºK≥≥≥≥ − º≥K (III.28)  

 

By deriving the average energy with respect to temperature, in the case of the @ relaxation it 

is possible to write the following equation: 

 iºK = √ƒ'K Fº
(Y)
F'  (III.29)  

Where 
Œà(ø)
ŒD  is the derivative of the energy associated with the @ relaxation occurring within 

a CRR. 

 

So, at the glass transition temperature: 

 iºK = √ƒ'K∆A|  (III.30)  

Starting from the definition of the heat capacity, one can also write that: 

 iº = A|i' (III.31)  

At the glass transition temperature, Equation III.31 becomes: 

 iº = A|i'- (III.32)  

By comparing Equation III.30 and Equation III.32, the following expression is obtained: 

 √ƒ'-K ∆A|A|K = äi'-ã
K
 (III.33)  

Or  ∆A|
A|K ≈ ∆E

1
A|H =

1
A|é»ÃÕÕ −

1
A|»±… ±À  (III.34)  
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Assuming that the variations of 1/AB are identical to those of 1/A|, Equation III.33 can be 

rewritten as: 

 √ƒ'-K∆J 1ABL = äi'-ã
K
 (III.35)  

With:  ∆J 1ABL =
1

ABé»ÃÕÕ −
1

AB»±… ±À  (III.36)  

The heat capacity AB can be expressed as a function of the specific heat capacity œB (AB =
–,YœB), therefore the volume of a CRR is given by: 

 

,Y =
∆E 1œBH
–äi'-ãK √ƒ'-

K (III.37)  

Assuming that the CRR is a cube, the cooperativity length is obtained from ,Y = ®Y—.  

Equation III.37 can also be rewritten as: 

 

áY = –,Y“zá” =
∆E 1œBH

“zäi'-ãK ú'-
K (III.38)  

Where áY  is the number of partial systems or structural entities in a CRR, “z is the molar mass 

of each partial system, and á” is the Avogadro number. 

 

Equation III.37 and Equation III.38 are called the fluctuation formulas. They allow to calculate 

the average size of a CRR from the average temperature fluctuation i'. 

III.5.5.3. Extension of the Donth’s model 

The initial model proposed by Donth 52 to estimate the CRR size applies only to a narrow range 

of temperature and frequency close to the calorimetric glass transition temperature '-. An 

extended form of the Donth’s model, which allows to estimate the cooperativity size in a wider 

range of temperature and frequency by combining two experimental techniques (MT-DSC and 

DRS), has been recently proposed by Saiter et al. 53,54.  

These two techniques are perfectly complementary for the investigation of the glass transition 

for several reasons. Both methods probe the dynamic glass transition by applying a periodic 

perturbation to the sample (a modulated temperature ramp in MT-DSC, an oscillating 

electrical field in DRS), which allows to obtain complex quantities: the complex heat capacity 

AB∗ for MT-DSC, and the complex dielectric permittivity ‘∗ for DRS. 
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Both these quantities have a real and an imaginary component (AB’ 	 and AB’’, ‘’	 and ‘’’, 
respectively) 55,56. From the point of view of the linear response theory, both the complex 

permittivity and the complex heat capacity are generalized compliances. Therefore, both 

quantities can be directly compared. 

In MT-DSC results, the dynamic glass transition is detected as a heat capacity step ∆AB  in the 

real component of the signal, and a dissipative peak in the imaginary component of the signal. 

In DRS results, the dynamic glass transition is detected as a step commonly known as the 

dielectric strength ∆‘ in the real component of the signal, and a peak in the imaginary 

component of the signal. ∆AB  and ∆‘	are both due to the response of the amorphous phase 

contributing to the glass transition 32,34.  

The function describing the distribution of relaxation times for a glass-forming liquid is 

temperature-dependent. In an Arrhenius diagram, this distribution is represented by a 

dispersion zone 57 that broadens as temperature increases.  

This dependence corresponds to the broadening and shift of the loss peak towards higher 

temperatures as the frequency of the applied perturbation increases, which is observable by 

DRS 34,57,58. Different quantities are measured by MT-DSC and DRS: it is worth reminding that 

the temperature ' and the electric field º	are intensive variables, whereas the entropy 1 and 

the orientation polarization M are extensive variables. The Callen-Welton theorem applied to 

MT-DSC gives the following relations 57: 

 >D’’(•) = ∂•∆'
K(•)

√ƒ'  (III.39)  

 ÷◊’’(•) = ∂•∆1
K(•)

√ƒ'  (III.40)  

Where >D’’(•) is the imaginary component of the complex temperature modulus (>D∗ =
F' F1 = ' A|∗⁄⁄ ) and ÷◊’’(•) is the imaginary component of the complex entropy compliance 

(÷D∗ = F1 F' = A|∗ '⁄⁄ ), ∆'K(•) and ∆1K(•) are the spectral densities of temperature and 

entropy fluctuations respectively, and A|∗  is the complex specific heat capacity at constant 

volume.  

In the case of DRS, the equivalent relations are 34: 

 “’’(•) = ∂•∆ºK(•)√ƒ'  (III.41)  
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 ÿ’’(•) = ∂•∆MK(•)√ƒ'  (III.42)  

Where “’’(•) is the imaginary component of the complex electric modulus (“∗ = Fº FM⁄ ) 

and ÿ’’(•) is the imaginary component of the dielectric susceptibility (ÿ∗ = ‘∗ − 1 =
FM Fº⁄ ), ∆ºK(•) and ∆MK(•) are the spectral densities of the local electric field and the 

polarization respectively, and ‘∗ is the complex dielectric permittivity.  

 

The combination of Equation III.41 and Equation III.42 gives: 

 ∆'K(•)
∆MK(•) =

>D’’(•)ÿ’’(•) (III.43)  

Assuming that >D’’(•) and ÿ’’(•) can be factorized in an intensity factor and a spectral shape 

function of (•):  

 >D’’(•) = >z(')ŸD(•) (III.44)  

 ÿ’’(•) = ÿz(')Ÿ⁄(•) (III.45)  

It is possible to write that: 

 ∆'K(•)
∆MK(•) =

>z(')ŸD(•)ÿz(')Ÿ⁄(•) (III.46)  

If the temperature and polarization fluctuations have approximately the same spectral shape 

function ŸD(•) ≈ Ÿ⁄(•), which seems to be a reasonable assumption, the width of the 

temperature fluctuations can be estimated from the width of the polarization fluctuations. 

So, the evolution of the CRR size as a function of time and temperature can be determine by 

the extended Donth’s approach. 

 

To determine the cooperativity length ®Y  (Equation III.37) and the number of units that 

cooperatively rearrange at the glass transition áY  (Equation III.38), the average temperature 

fluctuation d' needs to be determined. 

This value can be obtained from MT-DSC measurements performed in a heat-cool mode, but 

also from DRS investigations, as already detailed in the literature 53. In particular, d' is 

extracted from the imaginary component of the complex heat capacity AB’’('), or from the 

imaginary component of the complex dielectric permittivity ‘’’('). 
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Figure III.19 shows the calculation process that allows to estimate d' from the Full-Width Half-

Maximum (FWHM) of the Gaussian peak function (i' = €‹?“ 2.355⁄ ), which was used to 

fit the imaginary components of both MT-DSC and DRS spectra, where the maximum of the 

peak corresponds to the dynamic glass transition 'Y: 

 A’’(') or ‘’’(') = ”
fifl‡(K·) lmG î

DPDø
fifl ô

K
 (III.47)  

Where Ö is the peak area, ‚D  is the standard deviation and 'Y  the dynamic glass transition 

temperature. 

 

The quantity DABPb  (i.e. the difference in the inverse values of the isobaric heat capacity 

between the liquid and glassy states extrapolated at the dynamic glass transition temperature 

'Y)	 is calculated from MT-DSC measurements performed with a heal-cool protocol, as 

illustrated by Figure III.19.  

 

To resume, combining the experimental data obtained by MT-DSC and DRS allows to extended 

the Donth’s model (generally applied to MT-DSC results) to a wider range of frequencies, 

which in turns allows the calculation of the temperature-dependence of áY 	 in a wide 

temperature range, starting from the onset of cooperativity in the crossover region down to 

the calorimetric glass transition temperature '-. 
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Figure III.19: Heat capacity de as a function of temperature obtained from MT-DSC 

measurements with a heat-cool mode vs. dielectric loss „’’ (after subtraction of 

conductivity) as a function of temperature from DRS measurements. 

The blue dashed dot lines represent the heat capacity in the glassy and liquid states 
extrapolated to the entire temperature range of the glass transition. The red solid line 
corresponds to the Gaussian fit of a dielectric loss spectrum. The dynamic glass transition 
temperature 'Y  is read at the maximum of the PearsonVII peak for each dielectric or 
calorimetric relaxation peak. The average temperature fluctuation d' is estimated from the 
FWHM.  
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Introduction 

This chapter starts with the analyses typically performed after synthesis. Then, the influence 

of the position of the carbonyl group on the furan ring onto the molecular mobility of 

amorphous PEFs will be presented. Molecular mobility was investigated by Modulated-

Temperature Differential Scanning Calorimetry (MT-DSC), Dielectric Relaxation Spectroscopy 

(DRS) and Thermally-Stimulated Depolarization Current (TSDC). The combination of these 

techniques provided information about both the primary and secondary relaxations. In 

addition, the parameters characteristic of the ' relaxation, such as the dielectric strength, the 

relaxation times and the fragility index, are presented and discussed. 

IV.1. Preliminary analyses 

IV.1.1. FTIR spectroscopy 

Infrared spectroscopic analyses were performed to evaluate the possible effect of a change in 

the position of the carbonyl group onto the absorption bands. FTIR spectra are showed in 

Figure IV.1. 

FTIR confirmed the expected chemical structure, because the spectra obtained for 2,5-PEF are 

comparable with those reported in the literature 1,2. The absorption bands and peaks 

characteristic of the furan ring in furan-aromatic polyesters are regularly detected, such as the 

C–H bond at 3119 cm-1, the C=C bond at 1576 cm-1, the furan ring breathing peak around 1044 and 1020 cm-1, and the furan bending motions around 963, 830 and 758 cm-1. In 

addition, the peaks corresponding to the C=O bond of the ester carbonyl group (1715 cm-1), 

to the C–O bond of the ester carbonyl group (1273-1266 cm-1) and to the C–H and –CH2 (2965 

cm-1) are also recorded. Few differences can be observed, which have been highlighted in grey 

in Figure IV.1. There may be an influence on C–H bending, because the second peak at 1519 

cm-1 increases whereas the intensity of the absorption at 1379 cm-1 decreases as the amount 

of 2,4-FDCA DME increases. The introduction of 2,4-FDCA DME repeating units in the polymer 

backbone would also have an impact on the C–O and C–C stretching, because the peak at 1219 cm-1 decreases, the shoulder at 1291 cm-1 disappears, two additional peaks appear at 1196 cm-1 and 1079 cm-1 and the peak at 936 cm-1 decreases. 
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Figure IV.1: FTIR spectra of 2,5-PEF, 2,4-PEF and PE-[2,5-co-2,4]F copolymers. All the spectra 

were normalized with respect to the carbonyl peak (6768 cm-1). 

IV.1.2. Thermal stability 

IV.1.2.1. Conventional TGA 

A preliminary TGA scan is necessary to make sure that the synthesized polymers are stable in 

the temperature range targeted for the subsequent DSC scans. Figure IV.2 shows the 

thermograms obtained by TGA along with the derivatives curves as a function of temperature 

under nitrogen (inert) or air (oxidative) atmosphere recorded with a heating rate of 10 °C/min. 

All the samples have similar degradation behaviors when the temperature is increased, 

whatever the ratio of the FDCA isomers. In particular, they are stable up to 250 °C (mass loss < 1 wt%), which authorizes quite broad processing windows.  

Under nitrogen, their thermal decomposition occurs in a single stage decomposition 

mechanism and is observed between 300 and 450 °C, with residual masses between 9 and 12%. Under air, a second stage appears in the decomposition mechanism after 500 °C and 600 °C, which allows the complete degradation of the material. Whatever the atmosphere, 

the incorporation of 2,4-FDCA into 2,5-FDCA-based polyesters tends to increase the thermal 

stability (Table IV.1). For instance, under nitrogen, :;	<=> is recorded at its minimum (428 °C) 

for 2,5-PEF and at its maximum (444 °C) for 2,4-PEF, and the values found for the copolyesters 

are intermediate. Compared to the literature, PEFs have a thermal stability which is 

intermediate between PLA (325 °C 3), PET (451 °C 2) and PEN (465 °C 4). 





CHAPTER IV 

 106 

This behavior is due to the presence or absence of a ring in the chemical repeating unit: Poly 

(Lactid Acid) (PLA) contains no ring, PEFs contain the furan ring, PET contains the benzene ring 

and Poly (Ethylene Naphthalate) (PEN) contains the naphthalene ring. 

The decomposition mechanisms leading to the thermal degradation of furanoate polyester 

have been already extensively discussed by Papageorgiou et al. 5 and Terzopoulou et al. 6, who 

characterized several furanic polyesters and their terephthalate equivalents by performing 

TGA measurements under N2 atmosphere. In particular, Terzopoulou et al. 6 investigated the 

decomposition mechanism of polyesters based on 2,5-FDCA and aliphatic diols with medium 

and long chain methylene groups, and confirmed that all polyesters decompose in a similar 

way. The evidenced that the thermal decomposition takes place mainly via &-hydrogen bond 

scission and less extensively by homolytic scission. By combining the results reported in the 

literature for the polyesters obtained with 2,5-FDCA and different aliphatic diols, with the 

results obtained in this work, one may deduce that neither the number of methylene groups 

in the parent diol monomer, nor the positional isomerism of the carbonyl group on the furan 

ring, seem to affect the decomposition mechanism of the final polyesters. 

IV.1.2.2. Determination of the activation energy by MTGA 

Papageorgiou et al. 5 reported relevant information about the thermal degradation of 

furanoate polyesters along with their decomposition mechanisms. However, they did not 

provide any information about the activation energy for thermal degradation.  So, in this work, 

the synthesized polymers were purified, dried and further characterized by MTGA under N2 

to obtain not only the mass loss as a function of the temperature (Figure IV.3), but also the 

kinetic parameters associated to the mass loss 7–9, i.e. the activation energy (L=) and MNOPQ(S) 
as a function of the mass loss (Figure IV.4).  
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Figure IV.3: MTGA curves for PEFs under nitrogen and air at U °C/min (C = ±8 °C; ? =UXXs).  

MTGA curves have a similar shape with respect to the TGA curves (Figure IV.3 (a)) and confirm 

that most of the samples degrade in one main degradation step. However, due to the slower 

rate used for the heating ramp in modulation mode, or maybe due to an intrinsically better 

sensitivity of MTGA with respect to TGA, in some cases the mechanism for thermal 

degradation seem to proceed in two steps. Further investigations are required and already 

planned to confirm this eventuality and elucidate the mechanisms of thermal degradation. 

The degradation temperatures (both :;	Y% and :;	<=>) obtained by MTGA and TGA are 

different essentially because of the different heating rate (10 °C/min for TGA and 2 °C/min for 

MTGA). 

 

Table IV.2: Thermal stability and kinetic parameters associated to the mass loss of 

homopolyesters and copolyesters obtained from FDCA isomers (2,5- and 2,4-FDCA) and 

ethylene glycol performed by MTGA under N2 at U °C/min (C = ±8 °C; ? = UXXs). 

Sample ?@	8%a ?@	BCDb ZCc [\]6X(^)d 

 (°C) (°C) (kJ/mol) (1/min) 

2,5-PEF 315 390 195 ± 17 14 ± 1 

PE-2,5[90]-2,4[10]F 297 395 201 ± 14 15 ± 1 

PE-2,5[85]-2,4[15]F 315 399 210 ± 47 15 ± 4 

PE-2,5[50]-2,4[50]F 352 399 202 ± 30 15 ± 2 

2,4-PEF 350 405 200 ± 15 14 ± 1 
a Temperature at which a mass loss of 5% is observed. b Temperature corresponding to the maximum 

rate of mass loss. c Activation energy for thermal degradation. d Z is the pre-exponential factor.  
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Figure IV.5: DSC thermograms (second scans) obtained by heating at 10 K/min for 

amorphous PEFs.  

 

The glass transition temperature is higher for 2,5-PEF (82 °C) than for 2,4-PEF (72 °C). This 

difference is not necessarily due to a difference in the molecular weight, because Thiyagarajan 

et al. 2 reported similar values of :b for 2,5-PEF and 2,4-PEF, in spite of a higher molecular 

weight recorded for the latter. Both the :b values are closer to the values previously reported 

for PET (73 °C, 76	°C 2) compared to PLA (62 °C 13).  

 

Table IV.3: Thermal properties of amorphous copolyesters from FDCA isomers (2,5- and 2,4-

FDCA DME). 

Sample ?]a ∆eHb ?Bc 

 (°C) (J/(g×K)) (°C) 

2,5-PEF 82 ± 1 0.42 ± 0.03 215 ± 1 

PE-2,5[90]-2,4[10]F 78 ± 1 0.42 ± 0.03 / 

PE-2,5[85]-2,4[15]F 77 ± 2 0.45 ± 0.02 / 

PE-2,5[50]-2,4[50]F 79 ± 1 0.43 ± 0.02 / 

2,4-PEF 72 ± 1 0.42 ± 0.01 / 
a Mid-point glass transition temperature measured upon heating after melt-quenching. b Heat capacity 

step at the glass transition estimated on the basis of the Normalized Heat Flow measured upon heating 

by DSC. c Melting temperature measured at the maximum of the melting endotherm.  
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Similarly to the results obtained by TGA and MTGA, DSC also reveals a sort of synergetic effect 

of the combination of 2,4- and 2,5-isomers onto the glass transition temperature, i.e. the :b	values obtained for the copolymers are quasi-identical and intermediate between those of 

the two homopolymers (2,4-PEF and 2,5-PEF). 

No significant effects are observed on the heat capacity step at the glass transition 

temperature ∆cd, whatever the proportion of the two FDCA isomers. It could be interesting 

to evaluate the possible influence of intermolecular dipole-driven interactions (mostly related 

to the positional isomerism of the carbonyl group on the furan ring) on the molecular 

dynamics, along with the subsequent physical properties, the development of controlled 

microstructures, the overall performance (mechanical properties, barrier properties, etc.) and 

the evolutions over time (physical aging). 

 

The endothermic peak superimposed to the heat capacity step typical of the glass transition 

corresponds to the enthalpy recovery peak associated to physical ageing and/or structural 

relaxation of the initial glasses or due to the difference between the heating and the cooling 

rate, and has been already observed in other studies 14–16 . 

Figure IV.5 clearly shows that, at a heating rate of 10 °C/min, an amount of units based on 

2,4-FDCA DME as little as 10 wt% is enough to make it impossible for the crystals to nucleate 

and grow upon heating from the glassy state. Indeed, cold crystallization is observed only in 

2,5-PEF, starting at approximately 160 °C and being closely followed by a melting peak, whose 

maximum is observed at 215 °C. 

The enthalpies of cold crystallization and melting are equal, meaning that the considered 

sample of 2,5-PEF can be considered as fully amorphous prior to the DSC heating ramp. 

However, the melting peak is weak (approximately 5 J/g) confirming that 2,5-PEF has slower 

crystallization kinetics as compared to other polyesters submitted to similar heating rates, 

such as PLA with a small amount of D-lactide 17–19. 

So, the incorporation of 2,4-FDCA-based repeating units, which are asymmetrical, is highly 

efficient for disrupting the crystallization of the 2,5-FDCA-based units.  
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IV.1.3.2. Mixing laws 

Considering the complex dependence of the glass transition temperature on the chemical 

composition and arrangement of polymer subunits, the values of :b reported in Table IV.3 

were plotted as a function of the content of 2,5-FDCA DME and 2,4-FDCA DME repeating units 

and then fitted by different mixing laws (Figure IV.6). 

The first law used for fitting is the Fox equation 20, which describes a weighted-average 

relationship between :b and the mass fraction of each component: 

 1:b = f:bP + 1 − f:bi  (IV.1)  

Where :b is the glass transition temperature of the copolymer, :bP and :bi are the glass 

transition temperatures for each homopolymer, f is the weight fraction of one of the isomers 

and 1 − f is the weight fraction of the other isomer.  

 

Equation IV.1 is symmetrical with respect to the weight fraction of each isomer, and could 

help predicting the properties of the copolymers from the properties of the corresponding 

homopolymers.  

 

Gordon and Taylor 21 also proposed an equation: 

 :b = f:bP + jkl(1 − f):bif + jkl(1 − f)  (IV.2)  

In this case, jkl  has to be evaluated from the experimental data and is incorporated into the 

simple weighted-average relation to better represent the eventual unequal contributions of 

each isomer to the final value of :b. 

 

Finally, Kwei 22 proposed another equation including two additional parameters, jmn and q: 

 :b = f:bP + jmn(1 − f):bif + jmn(1 − f) + of(1 − f) (IV.3)  

The jmn parameter is defined similarly to the jkl  parameter in Equation IV.2, whereas the o 

parameter is proportional to the number of specific intermolecular interactions eventually 

existing in the copolymer. This model is generally used to take into account dipole-driven 

intermolecular interactions, such as hydrogen bonding 22,23.  
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The fitting procedure provided the following values: pi = 0.69 for the Fox’s equation, pi =0.70 ith jkl = 0.77 ± 0.59 for the Gordon-Taylor’s equation, and	pi ≈ 1 with jmn =16.40 ± 2.04 and o = 25.51 ± 1.15 for the Kwei’s equation.  

 

So, the best fitting results are obtained with Kwei’s equation (pi is close to 1), probably thanks 

to the peculiar dielectric properties observed by dielectric spectroscopy for 2,4-PEF as 

compared to 2,5-PEF 24. However, these values need to be taken with caution, indeed, more 

mixtures are recommended especially for the small amount of 2,4-FDCA DME as realized more 

recently in the publication of Thiyagarajan et al. 25.  

 

 

Figure IV.6: Values of the glass transition temperature ?] plotted against the relative 

content of 2,5-FDCA DME and fitted by Fox’s, Gordon−Taylor’s and Kwei’s equations.  
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IV.2. Molecular dynamics in amorphous PEFs 

IV.2.1. Investigation of the amorphous phases by MT-DSC  

MT-DSC analyses were performed to investigate the amorphous phases and determine the 

calorimetric glass transition temperature of the samples. Since the material’s barrier 

properties are associated with the molecular mobility and the free volume, Donth’s approach 

was used to investigate the free volume and size of the CRR (the theoretical approach is 

detailed in Chapter III). 

 

As mentioned in the literature for several amorphous or semi-crystalline polymers, differences 

are clearly observable about the evolution of the heat capacity as a function of temperature 

26–28. The key to an accurate measurement of the heat capacity is the system linearity, which 

includes the linearity of the MT-DSC device (including the calibration of the MT-DSC device 

and the samples size) and the linearity of the thermal response. However, several 

experimental parameters (such as the underlying heating or cooling rate, the temperature 

modulation amplitude and oscillation period) can affect the overall system linearity and the 

accuracy of the measured heat capacity values.  

All the heat capacity curves obtained in this work were aligned to the value of cd,bt=uu (1.18 

J/(g×°C)) at : = 50 °C)  obtained by Codou et al. 29 for 2,5-PEF, which was considered as a value 

of reference in the absence of values from the ATHAS databank. 

Figure IV.7 shows the vw signals recorded by MT-DSC as a function of temperature in the 

region of the glass transition (endothermic steps) along with their derivative (peaks); the 

temperature corresponding to the maximum of each peak has been taken as the dynamic 

glass transition temperature :*. 

The curves in Figure IV.7 were used to determine :*  and the heat capacity step at the glass 

transition xcd(:*). The formalism allowing to estimate the degree of cooperativity (+*) and 

the cooperativity length ()*) from calorimetric investigations also requires the parameter y:, 

which was obtained according to Donth’s method 30. This method assumes that the mean 

temperature fluctuation y:	in the CRR is somehow associated with the standard deviation of 

the distribution of relaxation times, obtained by fitting the MT-DSC signal with a Gaussian 

function (y: = z{|}/2.355	with FWHM = Full Width Half Maximum). More details about 

the calculation of +*  are given in Chapter III and data are reported in Table IV.4. 
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Figure IV.7: �’ signals recorded by MT-DSC as a function of temperature in the region of the 

glass transition and their derivatives (@�′/@?) for PEFs. 

 

As previously observed, the dynamic glass transition temperature :*   is higher for 2,5-PEF than 

for 2,4-PEF, as a consequence of the difference in the carbonyl position on the furan ring. As 

expected, the copolymers undergo just one endothermic event due to the random 

distribution of the isomeric repeating units, and have a value of :*  which is intermediate 

between the value of the homopolymers, as already pointed out on the basis of the DSC 

measurements.  

 

Table IV.4: Values involved in Donth’s model: temperature of the maximum of the 

derivative peak (?Ç), heat capacity step at ?Ç (ÉeH(?Ç)), cooperativity length (ÑÇ) and 

average number of equivalent relaxation units in the CRR (ÖÇ). 

Sample ÉeH(?Ç)  ?Ç ÑÇ ÖÇ 

 (J/(g×K)) (°C) (nm)  

2,5-PEF 0,45 ± 0.09 81 ± 2 2.8 ± 0.2 99 ± 10 

PE-2,5[90]-2,4[10]F 0,46 ± 0.04 77 ± 2 2.9 ± 0.2 118 ± 10 

PE-2,5[85]-2,4[15]F 0,43 ± 0.09 76 ± 3 2.6 ± 0.3 81 ± 15 

PE-2,5[50]-2,4[50]F 0,44 ± 0.01 76 ± 2 3.0 ± 0.2 128 ± 10 

2,4-PEF 0,38 ± 0.04 70 ± 1 2.9 ± 0.2 119 ± 10 
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The average volume of the CRR was calculated assuming Ü = 1.434 g/cm3 31 and }Q = 182.14 

g/mol for all PEFs. The )*  value obtained for 2,5-PEF from MT-DSC measurements is in good 

agreement with the value reported by Codou et al. 29 (2.9 nm). 

All the samples have similar CCR sizes and approximately the same number of equivalent 

relaxation units in the CRR. It is well known that the CRR size could be modified by any 

geometric restriction, such as the presence of crystalline lamellae or a specific morphology of 

the sample (multi-nanolayers films, etc). When the amorphous domains are isotropic and 

unconfined, a value of CRR size of 3 nm at the glass transition seems to be a sort of universal 

value. This works shows that both the homopolymers (2,5-PEF and 2,4-PEF) and all the 

copolymers have similar values of cooperativity at :*  in perfect agreement with other 

amorphous polymers 30,32. 

IV.2.2. Segmental relaxation investigated by DRS 

The molecular dynamics of all the amorphous samples was investigated by means of dielectric 

relaxation spectroscopy (DRS). The main parameters of the ' relaxation, such as the dielectric 

strength, the relaxation time and the fragility index, were calculated and evaluated in 

combination with the results of MT-DSC. 

Figure IV.8 presents the experimental raw data obtained by DRS for all the considered 

samples. All the samples show a single wide & relaxation at low temperature and high 

frequency, and a single narrow and more intense ' relaxation at higher temperature. The 

latter corresponds to the segmental relaxation and is the dielectric manifestation of the glass 

transition. At higher temperature and low frequency, a typical increase in the loss factor (#ww) 
is observed, which is associated to conductivity phenomena (á).  

The dielectric relaxation process in the glass transition region can be characterized by a step-

like decrease of #w signal and a peak in #ww signal when they are plotted against frequency in 

isothermal conditions. The essential quantities that characterize a dielectric relaxation process 

can be extracted either from #w or #ww as a function of frequency. For example, the relaxation 

time can be obtained from the frequency _<=> at which #ww reaches its maximum value at a 

fixed temperature. The model function introduced by Havriliak-Negami 33 
(details are given in 

Chapter II) can be used to analyze the dielectric spectra quantitatively with the Grafity
 

software (version 0.5.5).  
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Since all the samples considered in this study undergo two complex relaxation processes (' 

and &) in the explored frequency window, a sum of two HN functions was used to fit the 

experimental data (the conductivity contribution was also added to properly fit the #ww(_) 
signal. 

 

 

  
(a) (b) 

(c) (d) 
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The fact that a single & relaxation is observed for all the samples is supported by the work of 

Dimitriadis et al. 34 on semi-crystalline 2,5-PEF. However, most polyesters (PET 35,36, PEN 37, 

PLA 38 and PHAs 18) are known to exhibit complex secondary relaxations including at least two 

contributions. A paper recently published by Soccio et al. 39 on biobased poly(butylene 2,5-

furanoate) reports a broad & relaxation phenomenon that involves two processes: a faster &P 

relaxation associated with the more mobile subunit (the four −CH2− in the aliphatic glycolic 

subunit connected to the C−O of the ester function) and a slower &i relaxation due to the 

stiffer moiety (corresponding to the connection between the aromatic ring and the C=O of the 

ester function).  

In the case of PEFs, the isothermal measurements of the & relaxation (Figure IV.9) could be 

properly analyzed using just one symmetrical HN function, may be due to a favorable 

superposition of these two processes. The analytical procedure illustrated in Figure IV.9 for a 

temperature of 90 °C was extended to the measurements performed at different 

temperatures. Figure IV.10 shows the plots of the dielectric loss recorded in isothermal 

conditions for all the PEFs samples, normalized to the maximum (MNOPQ(#ww #ww<=>⁄ )) vs. 

frequency and scaled to _<=> (_ _<=>⁄ ). A very good overlapping of all the curves on a single 

master curve was obtained for all the considered samples. The breadth of the a relaxation 

peaks, which can be characterized by the Kohlrausch stretch exponent &mãã or the coupling 

parameter å (å = 1 − &mãã) introduced by Ngai 40, is correlated with many dynamical 

properties, such as the fragility, the dynamical crossover region and the degree of 

cooperativity of glass-forming liquids 41. The master plots reported in Figure IV.10 were 

obtained by shifting the spectra recorded at different temperatures (from 85 to 110 °C with 

a step of 1 °C) in order to superimpose them onto a reference spectrum (at 90 °C). This 

procedure allows to graphically visualize the stretching parameter &mãã and ascertain 

whether the temperature plays an active role in the shape of the structural relaxation process 

(in this case, different distributions of the relaxation times at different temperatures should 

have been obtained). The HN function is commonly used to represent the dielectric relaxation 

data, but this function is also used to extract the different relaxation parameters such as the 

shape parameters a$% and &$%, the dielectric strength De$% and the relaxation time t$%. 
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IV.2.2.1. Shape parameters a	and b of the a relaxation 

The shape parameters obtained from the HN fits for the ' relaxation process are plotted in 

Figure IV.11. They describe the symmetric and asymmetric broadening of the complex 

dielectric function 42. Their values are found to be less than 1, i.e. a$% and &$% 	< 1, for all 

the considered samples, as shown in Figure IV.11 and in agreement with the literature 42. 

 

Figure IV.11: Shape parameters obtained from the HN fitting procedure as a function of 

temperature for the Ç relaxation process of amorphous PEFs. 

The HN functions in the frequency domain were then converted into the time domain by the 

inverse Fourier transform. The distribution of relaxation times could therefore be expressed 

as 43: 

 _(è) = 1ê ë èè$%í*ìîïìî añå(&$%ó)
ò1 + ë èè$%íi*ìî + 2 ë èè$%í*ìî cNa(ê'$%)ô

ïìîi  (IV.4)  

 With: 

 ó = ê2 − ö`åõP úë
èè$%í*ìî + cNa(ê'$%)añå(ê'$%) ù (IV.5)  

Where _(è) is the distribution function, è$% is the HN relaxation time, '$% and &$% are the 

HN shape parameters and è	corresponds to time.  
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In term of distribution of relaxation times, the correlation function û(ö)	is expressed as 43:  

 û(ö) = ü _(è)†(° ¢⁄ )£ö§
Q  (IV.6)  

In the time domain, (ö) is empirically described by the Kohlrausch−Williams−Watts (KWW) 

function as follows 44:  

 û(ö) = †õ•° ¢¶ßß® ©™¶ßß
 (IV.7)  

Where &mãã (0 < &mãã ≤ 1) is a stretching parameter, and èmãã is the relaxation time for &mãã = 1.  

 

The stretching parameter &mãã allows to compare any asymmetrical broadening behavior of 

the relaxation process at short times (i.e. high frequencies) with the exponential decay 

corresponding to a Debye relaxation having &mãã = 1. The HN parameters are correlated 

with &mãã as follows 45:  

 MNOPQ ¨ è$%èmãã≠ ≈ 2.6(1 − &mãã)Q.Y†(õÆï¶ßß) (IV.8)  

A good approximation of Equation IV.8 is given by the following equation: 

 &mãã ≈ ('$%&$%)Q.ØPÆ (IV.9)  

The values of the &mãã parameter can be plotted as a function of temperature, as reported 

in Figure IV.12 for all the considered amorphous PEFs samples.  

 

 

Figure IV.12: Variation of the â∞±± parameter obtained by Equation IV.9 (that we will call â∞±±	≤≥.) as a function of temperature for all the amorphous PEFs samples. 
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Figure IV.12 did not show a significative difference between &mãã	°¥. values whatever the 

ratio of 2,5/2,4-FDCA DME. 

The values of &mãã experimentally obtained (from the master plots: &mãã	µ>d.) for 2,5-PEF, 

PE-2,5[90]-2,4[10]F, PE-2,5[85]-2,4[15]F, PE-2,5[50]-2,4[50]F and 2,4-PEF are reported in 

Table IV.5 and are in agreement with the &°¥.	values obtained by Equation IV.9 as well as with 

the values previously reported for PETg (&mãã ≈ 0.40) 46 and PLA (&mãã ≈ 0.35) 47.  

 

Table IV.5: â∞±± values obtained both experimentally (master curves) and theoretically 

(Equation II.2). 

Sample â∞±±	IDH.	 â∞±±	≤≥. 
2,5-PEF 0.53 0.49 ± 0.02 

PE-2,5[90]-2,4[10]F 0.53 0.49 ± 0.03 

PE-2,5[85]-2,4[15]F 0.52 0.51 ± 0.06 

PE-2,5[50]-2,4[50]F 0.49 0.46 ± 0.01 

2,4-PEF 0.42 0.45 ± 0.02 

 

So, the incorporation of 2,4-FDCA does not seem to impact the shape of the ' relaxation 

process. 

IV.2.2.2. Dielectric relaxation strength	∆∂∑Ö 		

The dielectric strength ∆#$% is obtained by fitting the relaxation data with the HN function. 

The starting point for the analysis of ∆#$% is the generalized form of the Debye theory by 

Onsager, Fröhlich and Kirkwood 42:  

 ∆#$% = 1#Q Omz ∏ijπ:+∫  (IV.10)  

Where #Q is the dielectric permittivity of vacuum, ∏ is the mean dipole moment of moving 

units in vacuum, z is the Onsager factor (z = 1 for sake of simplicity), + ∫⁄  is the volume 

density of dipoles involved in the relaxation process, and Om  is the Kirkwood correlation factor 

that takes into account short-range intermolecular interactions leading to specific static 

dipole–dipole orientations. 
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Figure IV.13 presents the temperature dependence of the dielectric strength ∆#$% of the a 

relaxation vs. temperature. As expected, ∆#$% decreases on increasing temperature for all the 

considered samples 42,48. Similar temperature dependencies of ∆#$% are also found for other 

kinds of glass-forming liquids, polymers and thin polymer films 42,48–50.  

 

 

Figure IV.13: Dielectric strength (∆∂∑Ö) as a function of temperature for amorphous PEFs. 

 

Analogously to other properties (i.e. the glass transition temperature obtained by calorimetric 

and dielectric measurements), the value of ∆#$% obtained for the copolymers is intermediate 

with respect to the values obtained for the homopolymers. However, compared to other 

polyesters, the value of ∆#$% for the homopolymer 2,5-PEF is significantly higher and has a 

significantly different temperature dependence with respect to the homopolymer 2,4-PEF. 

This remarkable result deserves to be pointed out and was finally better elucidated thanks to 

a collaboration with by Prof. Frédéric AFFOUARD (UMET, Université de Lille), who performed 

Molecular Dynamics Simulations (MDS). More details about the MDS calculations are provided 

in the Annex B.  
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The individual dipole moment of a given polymer chain at a time ö can be calculated by MDS 

according to the following expression: 

 ∏⃗(ö) = ºo*Ω*æææ⃗ (ö)%ø
*¿P  (IV.11)  

 Where o*  and Ω*æææ⃗ (ö) are respectively the fixed charge localized on the atom ' and its position 

at the time ö, and += is the number of atoms in the considered polymer chain.  

 

The dipole moment distributions ¡(∏) obtained by MDS runs on 2,5-PEF and 2,4-PEF polymer 

chains are shown in Figure IV.14. 

2,5-PEF and 2,4-PEF polymer chains contain a broad range of dipole moments because of their 

intrinsic flexibility; besides, the average dipole moment of 2,4-PEF polymer chains is 

significantly lower with respect to the average dipole moment of 2,5-PEF polymer chains (∏ ≈6.2 and 8.2 D for 2,4-PEF and 2,5-PEF, respectively), likely because of symmetry reasons. 

Dipole correlations are well described by the so-called Kirkwood correlation factor ¬m  given 

by the following relation: 

 ¬m = 1 + (+ − 1) 〈∏ƒæææ⃗ ∙ ∏∆æææ⃗ 〉 〈∏i〉⁄  (IV.12)  

 Where ∏ƒæææ⃗  is the dipole moment of the molecule ñ and 〈∏ƒæææ⃗ ∙ ∏∆æææ⃗ 〉 indicates an average value of 

dipole moment over distinct pairs of molecules (ñ ≠ …). 
 

The Kirkwood correlation factor accounts for the orientational correlation of neighboring 

dipoles. In this study, ¬m ≈ 1 was computed for both 2,4-PEF and 2,5-PEF systems, suggesting 

no specific correlation between dipoles. Based on both ∏ and ¬m  values and on the expression 

of the dielectric strength defined in Equation IV.10, it is thus possible to propose that the 

significant difference in the dielectric strength obtained between 2,4-PEF and 2,5-PEF mostly 

originates from the different values found for the average dipole moment, which is higher for 

2,5-PEF polymer chains with respect to 2,4-PEF polymer chains.  
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Figure IV.14: Distribution of dipole moments for 2,5-PEF and 2,4-PEF polymer chains 

obtained from MDS. 

IV.2.2.3. Relaxation map 

Figure IV.15 shows t<=> as a function of the inverse temperature (Arrhenius diagram) for all 

the considered samples. The temperature dependence of the relaxation time for the a 

relaxation usually presents a super-Arrhenius behavior (i.e. a deviation from the Arrhenius 

behavior) being described by the empirical Vogel-Fulcher-Tamman (VFT) equation 51–53 

(Equation III.12). 

 

 

Figure IV.15: Logarithmic plot of the dielectric relaxation time (tBCD) for the a relaxation as 

a function of the inverse of temperature for PEFs. Hollow symbols are from DRS experiments 

and filled symbols from MT-DSC experiments (period =  Xs, À~6Xs).  
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IV.2.2.4. Characterization of the â relaxation 

As previously pointed out, all the considered PEFs samples present a & relaxation that can be 

resolved with a single HN relaxation function (Figure IV.9). To extend this analysis versus 

temperature, the values of relaxation time è<=> associated to each contribution are reported 

in the relaxation maps (Figure IV.15). The experimental data for the & relaxation is in good 

agreement with the Arrhenius law and are fitted with the following equation:  

 è = èQ,Õexp	(L=p:)	 (IV.13)  

Where L= is the activation energy, p	is the gas constant and èQ,Õ is a pre-exponential factor.  

 

The amount of 2,4-FDCA-based repeating units has an impact on the & relaxation, because 

the relaxation time increases by almost one decade when the amount of 2,4-FDCA-based 

repeating units increases. By comparing the molecular structures of the two isomers and 

considering that the lowest value of relaxation time was found for 2,5-PEF, this variation could 

be ascribed to the difference in symmetry between 2,5-and 2,4-FDCA. The values of L= 

obtained by Equation IV.13 for the copolymers are reported in Table IV.6.  

They are quite close to the values obtained for the homopolymers 2,5-PEF and 2,4-PEF, and 

are in agreement with the values given in the literature for  other polyesters, for which they 

have been associated with the local motions on the ester group: L=	(PLA) = 36 kJ/mol 38, L=	(PHBV) = 55 kJ/mol 18,	L=	(PET) = 79 ± 10 kJ/mol 37.  

 

To conclude, the incorporation of 2,4-FDCA-based repeating units as a noticeable effect on 

the localized molecular movements associated with the & relaxation process due to the non-

symmetry of the 2,4-isomer with respect to the furan ring. 

IV.2.2.5. Characterization of the Ç relaxation 

As shown in Figure IV.15, the temperature dependence of the relaxation time is not linear and 

presents a curvature usually corresponding to the appearance of cooperative molecular 

motions, which is well fitted by the VFT law. The glass transition temperature can therefore 

be estimated by extrapolating the VFT fit to the conventional value of relaxation time t =100s or MNOPQ(t) = 2. The values of the parameters obtained from the extrapolated VFT fit 

are reported in Table IV.6. 
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To correlate the temperature dependence of the relaxation times to the values of dynamic 

glass transitions, the data obtained by MT-DSC at è~10s were also added for all the 

considered samples 54. The glass transition temperature estimated from MT-DSC is in good 

agreement with the value obtained by dielectric spectroscopy measurements for all the 

considered samples.  

IV.2.2.6. Fragility index B 

The degree of deviation of the relaxation times from an Arrhenius-type temperature 

dependence near :b provides a useful classification of glass-forming liquids 55,56. The fragility 

index ( can be calculated by DRS (that we will call (tŸ⁄¤Ÿ;), measuring the ' relaxation times 

over a range of temperatures above the glass transition temperature :b of the material. Figure 

IV.16 reports the temperature dependence of the ' relaxation time on a temperature scale 

normalized to :b (i.e. Angell’s plot) for all the considered samples. 

The values of (tŸ⁄¤Ÿ;  calculated from the slope of the curves in Figure IV.16 (Equation III.15) 

are reported in Table IV.6.  

 

 

Figure IV.16: Angell’s plot for amorphous 2,5/2,4-PEF copolymers compared to the 

homopolymers 2,5-PEF and 2,4-PEF. 
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Earlier studies on a large number of glass-forming liquids including polymers 57,58 show that 

polymers exhibit a qualitative correlation between fragility and the glass transition 

temperature: high-:b polymers usually have high fragilities. 

However, this trend does not apply to every glass-forming liquid 59. According to Dudowicz et 

al. 60 the fragility in polymers is related to the packing efficiency. As such, polymers containing 

a stiff backbone and bulky side groups experience some difficulties in packing due to their stiff 

and complex-shaped molecules, and therefore form glasses with a larger excess of free 

volume. 

On the other hand, polymers containing a flexible backbone and smaller side groups show a 

better packing efficiency and therefore form denser glasses. The chain flexibility seems to be 

the main parameter influencing the packing efficiency of amorphous polymer chains into the 

glassy state, and consequently the fragility index 59–61. In this study, very small variations were 

observed in the series of PEFs samples. The ( values (given in Table IV.6) are 118 for 2,5-PEF 

and 125 for 2,4-PEF. The copolymers have ( values which are closer to 2,5-PEF. On a whole, 

all these values are quite comparable, and just a little lower with respect to other polyesters: 

142 for PET 62, 144 for PETg 63, 170 for PC 14 150 for PLA 17). 

According to their (tŸ⁄¤Ÿ;  value, PEFs can be considered as “fragile” glass-forming 

macromolecular liquids, which indeed is a quite conventional behavior for macromolecules 

with Van der Walls interactions or hydrogen bonds between chains 55,64. 

 

Table IV.6: Glass transition temperatures ?] obtained by DRS for À = 6XXs and À = 6X‹. › 

is a dimensionless parameter of the VFT function, ?X  is a reference temperature selected for 

the VFT fitting, B[fifl‡fi@	is the fragility index and ZC(â) is the activation energy of the â 

relaxation. 

Sample ?]À¿6XX· ?]À¿6X· › ?X [\]6X(ÀX) B[fifl‡fi@ [\]6X(ÀX,‚) ZC(â) 
 (°C) (°C)  (°C) (s)  (s) (kJ/mol) 

2,5-PEF 74 77 4.42 31 -12 117 ± 10 -15 56 

PE-2,5[90]-

2,4[10]F 
72 75 4.64 29 -12 112 ± 10 -16 61 

PE-2,5[85]-

2,4[15]F 
72 75 4.67 29 -12 112 ± 10 -15 55 

PE-2,5[50]-

2,4[50]F 
72 75 4.40 31 -12 118 ± 10 -14 55 

2,4-PEF 65 68 4.10 27 -12 125 ± 10 -16 64 
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IV.2.2.7. Cooperativity length ÑÇ and cooperativity degree ÖÇ 

The cooperativity length	)*  and the cooperativity degree +*  were estimated for all the 

considered PEFs samples in a wide range of temperatures and relaxation times. Figure IV.17 

presents the cooperativity length )*  associated with the ' relaxation as a function of 

temperature estimated from both calorimetric and dielectric measurements.  

 

 

Figure IV.17: Cooperativity length ÑÇ versus temperature ?Ç for amorphous PEFs samples 

as deduced from DRS (hollow symbols) and MT-DSC (filled symbols) measurements.  

 

As expected, )*  decreases with increasing temperature. It can be noted that the 

extrapolations of  )*  estimated from DRS over a wide range of relaxation times fit quite well 

with the values estimated by MT-DSC investigations. According to Figure IV.17, 2,4-PEF has 

the lowest cooperativity and the copolyesters have cooperativity values that are intermediate 

between those of the homopolymers. The cooperativity length shift can be related to the 

impact of the isomeric modification on the segmental relaxation.  

Figure IV.18 shows the cooperativity degree +*  versus the temperature normalized to :b 

(taken from MT-DSC measurements). As already observed for the cooperativity length, the 

evolution of +*  measured from MT-DSC and DRS investigations are consistent for all the 

considered samples.  
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Figure IV.18: Evolution of the cooperativity degree ÖÇ (number of relaxing units in a CRR) 

as a function of the temperature normalized to ?]	for amorphous PEFs as deduced from 

DRS (hollow symbols) and MT-DSC (filled symbols) measurements. 

IV.2.3. Thermally Stimulated Depolarization Current (TSDC) 

The experimental method based on the measurement of thermally stimulated depolarization 

currents (TSDC) was also successfully used to characterize the large-scale segmental motions 

responsible for the glass transition. 

IV.2.3.1. Impact of the incorporation of 2,4-FDCA DME on glass 

transition signature 

In Figure IV.19 is given the dielectric manifestation of the glass transition signature obtained 

by TSDC for the considered PEFs samples from the depolarization currents versus temperature 

from glassy state to rubbery state. :*,l„‰Â  (reported in Table IV.7), the temperature 

corresponding to the maximum of the depolarization peak, shifts towards lower temperatures 

when the 2,4-isomer content increases in consistent with MT-DSC (:*,Êlõ‰„Â) and DRS 

(:*,‰Á„) results (Figure IV.20). On a whole, a good agreement is obtained between these three 

techniques. 
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Figure IV.19: Normalized current in function of temperature from TSDC; Inset: glass 

transition temperature signature normalized to ?BCD. Arrows correspond to the 

polarization temperature for each depolarization spectrum. 

 

Table IV.7: Parameters characterizing the segmental relaxation in amorphous PEFs. 

2,5-FDCA DME % 100 90 85 50 0 ?Ç,Ë?õ›È� (°C) a 81 ± 2 77 ± 2 76 ± 3 76 ± 2 70 ± 1 ?Ç,›ÍÈ (°C) a 77 75 75 75 68 ?Ç,?È›� (°C) a 82 77 79 79 71 ZC,›ÍÈ (kJ/ mol) b 662 656 653 684 651 ZC,?È›� (kJ/ mol) b 512 489 438 444 503 B[fifl‡fi@ c 117 112 112 118 125 B][C·· d 82 78 80 83 85 ÑÇ,Ë?õ›È�  e 2.8 ± 0.2 2.9 ± 0.2 2.6 ± 0.3 3.0 ± 0.2 2.9 ± 0.2 â∞±±  f 0.53 0.53 0.52 0.49 0.42 
a Dynamic glass transition temperature. b Activation energy. c Fragility index obtained from DRS. d 

Fragility index obtained from TSDC. e Cooperativity length. f Stretching parameter obtained from the 

master curves.   
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Figure IV.20: Dynamic glass transition temperature vs. the relative content of 2,5-FDCA DME 

assessed from MT-DSC (filled symbols), DRS (half-filled symbols) and TSDC (empty symbols) 

measurements. 

IV.2.3.2. Relaxation map combining the three techniques 

As previously said, the segmental relaxation in the liquid-like state observed by DRS exhibits a 

non-Arrhenius character, which can be described by a Vogel−Fulcher−Tammann (VFT) 

equation. From TSDC experiments, as proposed by Alegría et al. 65, the segmental relaxation 

can be consistently analyzed with the Kohlrausch−Williams−Watts (KWW) equation 44,66. The 

relaxation times (è) associated with the segmental relaxation were therefore calculated 

according to the following equation 67: 

 è = & ÎÏ òMå ¨ÎQÎ ≠ôPõP ï⁄
 (IV.14)  

Where Î(ö) = ∫ Ï	£ö§° , ÎQ is the value of the initial stored charge, Ï is the current intensity, 

and & is a parameter depicting the non-Debye character of the segmental relaxation. The & 

or &mãã parameter was determined by DRS (Table IV.7).  

 

The segmental relaxation obtained by combination of MT-DSC, DRS and TSDC results are 

presented in Figure IV.21. The relaxation map highlights the difference in the dynamics for the 

segmental relaxation of PEFs in both the glassy and liquid-like states. The relaxation times 

extracted from TSDC experiments exhibit an Arrhenius-like behavior when : is far from the 

glass transition, and just a slight curvature when :	gets closes to the glass transition. 
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Figure IV.21: Relaxation map picturing the characteristic times for segmental relaxation as 

a function of the inverse temperature obtained by MT-DSC (filled symbols), TSDC (half-filled 

symbols) and DRS (empty symbols). 

 

Concerning segmental relaxation times, a good agreement is also obtained between the three 

techniques. 

IV.2.3.3. Activation energies 

The activation energy associated with the segmental relaxation was calculated as:  

 L= = ÓMå(è)Ó(1 :*⁄ )p (IV.15)  

Where è is the characteristic time of the segmental relaxation at :*  and p is the gas constant.  

 

The activation energy is represented in Figure IV.22 as a function of :* :⁄ . The values of 

activation energy obtained at :* :⁄ = 1 from the liquid-like state L=,‰Á„	and the glassy state L=,l„‰Â  are given in Table IV.7. In the supercooled liquid, i.e. for :* :⁄ ≤ 1, the activation 

energy is roughly the same independently of the 2,4-FDCA DME content. When the 

temperature decreases, the activation energy increases exponentially until reaching a 

maximum value of 670 kJ/mol for :* :⁄ = 1. The trends obtained by TSDC are quite different. 

For low temperatures, the activation energy versus :* :⁄  seems to reach an asymptotic value. 

It is worth analyzing these results in the frame of the cooperative rearranging region (CRR) 

concept introduced by Adam and Gibbs 68. 
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Many studies associate the so-called viscous slowing down of supercooled liquids with the 

increase in the energy barrier that the structural units must overcome for the relaxation 

process to occur 69–72. 

 

Figure IV.22: Activation energy as a function of ?Ç ?⁄  calculated from TSDC and DRS results. 

It is therefore reasonable to accept that L=,‰Á„ is constant whatever the 2,4-FDCA DME 

content because of the similar cooperative character of the segmental relaxation dynamics 

obtained for all the considered PEFs samples.  

IV.2.3.4. Fragility indexes 

Besides, the fragility index may be calculated from both techniques, DRS and TSDC 73, with 

Equation III.15. Alegría et al. 67 showed that TSDC experiments can be consistently analyzed 

to investigate the segmental relaxation of polymers in the same framework often used for 

conventional DRS experiments, that is to say, by using the Kohlrausch−Williams−Watts (KWW) 

equation 44,66. As such, TSDC and DRS are absolutely complementary, because the latter 

provides the temperature dependence of the relaxation time in the liquid-like state when the 

former extends the representation of the relaxation map to the glassy state 15. It is however 

noteworthy to stress out that the fragility index calculated from these two techniques may 

differ because the pathway to the glass transition is different. Some systems, such as diglycidyl 

ether of bisphenol-A 74 or glycerol 75, have similar values of (bt=uu (calculated by TSDC as : 

approaches :b from the glassy state) and (tŸ⁄¤Ÿ;  (calculated by DRS as : approaches :b from 

the liquid-like state). In other cases, higher values of (tŸ⁄¤Ÿ;  are reported 62,76,77 with respect 

to (bt=uu.  
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Several authors 78–80 reported that the discrepancy between fragility values obtained from 

various experimental techniques is more pronounced for high-fragility glass-forming liquids. 

According to Hutchinson 78, strong glass-forming supercooled liquids are those for which there 

is very little change in the slope of the fragility plot on passing from the equilibrium melt to 

the non-equilibrium glass, whereas fragile glass-forming liquids exhibit a large change in the 

slope of the fragility plot as the glass-transition region is traversed on cooling. A correlation 

between (tŸ⁄¤Ÿ;  and the molecular structure has been proposed by Kunal et al. 61 and 

Dudowicz et al. 60. Polymers with very stiff	backbones exhibit high fragility indexes. As an 

example, values of (tŸ⁄¤Ÿ;  equal to 132, 156, and 214 for polycarbonate (PC), poly(ethylene 

terephthalate), and poly(etherimide), respectively, were reported 58. On the other hand, 

polymers with very flexible backbones, such as polyisobutylene and polyethylene, for which (tŸ⁄¤Ÿ;  is close to 50 58, are among the strongest glass-forming macromolecular liquids. 

However, no clear correlation has yet been established between the polymer structure and 

the difference between the values of fragility (bt=uu	and (tŸ⁄¤Ÿ;. As a consequence, (bt=uu	and (tŸ⁄¤Ÿ;  calculated according to Equation III.15, are different, but no influence of 

the content of 2,4-FDCA DME was observed. 

Conclusion 

The influence of the position of the carbonyl group on the molecular dynamics of wholly 

amorphous PEFs samples was investigated. The segmental relaxation (' process) was 

characterized by DRS and TSDC measurements, and the glass transition temperature was 

measured by different techniques (MT-DSC, DRS and TSDC), always obtaining consistent 

values. The investigation of the structural relaxation was carried out by DRS analysis for wholly 

amorphous samples, which allowed to investigate both the ' and & processes in terms of 

dielectric properties, such as the relaxation time, the dielectric strength, and the fragility. The 

cooperativity length	)*  was estimated according to Donth’s approach for all the considered 

samples and was found to be very similar at the glass transition (≈ 3 nm).  
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To conclude, in this chapter, the incorporation of 2,4-FDCA based repeating units into 2,5-PEF 

polymer chains did not show a significative effect on the physical and thermal properties. 

Indeed, the physical properties evaluated for the copolymers in the amorphous state (:;, :b, 

CRR size, fragility, segmental relaxation time, activation energy) are intermediate and almost 

identical with respect to the homopolymers whatever the ratio of 2,5/2,4-FDCA. However, the 

incorporation of 2,4-FDCA-based repeating units into 2,5-PEF present an impact on the local 

motion, in fact, the augmentation of this last induces a slowdown in local movements. 
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Introduction 

Chapter III introduced the fundamentals about the amorphous state, which is characterized 

by a long-range disorder. Amorphous polymers can be seen as frozen liquids. The peculiar 

features of amorphous materials are: 

• The absence of a melting temperature "# 

• The existence of a glass transition temperature "$: at " < "$ the polymer is solid and 

rigid (vitreous state), at " > "$ it is in the rubbery state 

• The glass transition is a second-order thermal transition which involves a change in the 

specific heat ∆() and no absorption or release of latent heat 

On the other hand, the crystalline state is characterized by the existence of a long-range order, 

where the polymer chains are arranged in regular arrays generating specific crystalline unit 

cells (microstructure). The peculiar features of crystalline materials are: 

• The existence of a melting temperature "# 

• The specific volume of the crystalline phase is lower with respect to the amorphous 

phase (molecular arrangements improves packing efficiency) 

• The rigidity of a crystalline material is usually higher with the respect to the amorphous 

counterpart 

Due to the intrinsically large scale of polymer chains, and to the presence of eventual 

irregularities and defects, polymers never crystallize completely: at best, there may be the 

coexistence of different proportions of amorphous and crystalline phases in a complex 

arrangement, and the material is therefore referred as semi-crystalline. Semi-crystalline 

thermoplastic polymers are characterized by two thermal transitions: glass transition and 

melting. During cooling, crystallization is likely to occur over a temperature range between 

these transitions. Melting and crystallization are first-order thermal transitions: they involve 

a change in the specific heat capacity as well as the absorption or release of latent heat. The 

ability of a polymer to crystallize is favored by: 

• the structural simplicity of the repeating unit (e.g. polyethylene) 

• the symmetry of bonds that allow strong intermolecular interaction forces (e.g. 

polyamides) 
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However, symmetry alone is not enough for a polymer to crystallize. Indeed, polymers with a 

rigid structure, such as the ones containing aromatic or aliphatic cyclic groups in their 

backbones (e.g. PET or cellulose) are not prone to crystallization; sometimes mechanical 

stretching or chemical treatments can help out. Polymer chain can form crystals if they can 

fold and assemble in a compact and regular fashion. The most favorable situation is that of 

linear and symmetrical chains, as it the case for polyethylene. Polar inter-chain interactions, 

such as hydrogen bonding, stabilize the structure and increase the melting temperature. If a 

polymer chain has side groups, only the regular syndiotactic and isotactic forms will be able 

to crystallizes (the atactic form can crystallize only if the side groups are small). Isotactic 

polymers generally form helical chains to minimize the steric hindrance between side groups, 

which is possible only if rotations around the axis of the backbone are possible. 

V.1. Semi-crystalline morphologies 

V.1.1. Morphologies of static crystallization: lamellae and 

spherulites 

Crystalline lamellae, with thicknesses of the order of 10 nm, are the basic units formed during 

the crystallization of a molten polymer under static conditions 1. A polymer crystalline lamella 

is made of aligned macromolecular chain segments brought to the growing structure from the 

melt thanks to diffusion/reptation processes. Different models exist regarding the formation 

mechanisms of polymer crystalline lamellae and their structure. A model was proposed by 

Schlesinger et al.2, Keller 3 and Jaccodine 4 between 1957 and 1960 as a result of the study of 

monocrystals formed from dilute solution by. These studies confirmed the notion of chain 

folding previously introduced by Storks 5. Two models describing the mechanisms of 

macromolecule folding can be mentioned. The first is an "adjacent re-entry" model 6, in which 

the chain folds to the surface of the lamella to form a loop while occupying the neighboring 

site (Figure V.1 (a)); the second is a “random switchboard” model 7, in which a chain can fold 

on the surface of the lamella eventually forming a looser loop and returning into a more 

distant point (Figure V.1 (b)). 
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At " < "], the transport term is equal to zero and growth is disadvantaged. The second 

exponential factor is related to the deposition of germs on the surface of the growing lamella. 

In this term, Z[ is the Boltzmann constant and ∆*∗ is the critical change in the free energy 

associated with the deposition of a germ (secondary or tertiary) on the substrate. ∆*∗ can be 

written as a function of the free energy	F of the crystal/melt interface, the free energy FG 	of 

the crystal folding surfaces, the molecular thickness `+, and the transition free energy ∆*T: 
 ∆*∗ = B`+FFG∆*T  (V.4)  

Where B is an integer that depends on the growth regime (B = 4 for Regimes I and III, B = 2 

for Regime II). 

 

By introducing the constant c$, the previous equation can be rewritten as: 

 c$ = B`+FFG"#+Z[∆ℎ#  (V.5)  

Where ∆ℎ# is the melting enthalpy per unit of volume. 

 

The Hoffman-Lauritzen expression can therefore be obtained as: 

 ! = !+WXY S −\∗U(" − "])V WXY S
−c$e"∆"V (V.6)  

Where ∆" is the supercooling temperature and e the correction factor defined by 

2" ("#+ + ")⁄ . 

 

The temperature dependence of the growth rate ! is a curve approaching a Gaussian bell, as 

shown in Figure V.11. 

The Gaussian shape of the ! = e(") curve results from the competition of two mechanisms: 

the viscosity, which increases as temperature decreases and therefore slows the growth of 

crystallites near "$, and the energy spent for nucleation, which becomes infinite as the 

temperature approaches "#. 
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V.3. The melting 

As previously seen in Chapter III, melting is a first-order thermodynamic transition. In semi-

crystalline polymers, melting corresponds to the transition of ordered crystals to the 

disordered liquid state. The melting temperature "# depends on the molecular weight, and 

increases when the degree of polymerization increases. Many parameters also influence "#, 

such as the presence of additives or impurities, the presence of molecular defects, nodes and 

loops linked to chains entanglements, which result in a decrease of the order and then to a 

decrease of the melting temperature. The change in the degree of freedom which appears 

during melting is associated with melting entropy, which also depends on the molecular 

structure, and particularly on the rigidity of the polymer backbone. The Gibbs free energy 

associated to melting is given by: 

 ∆!# = ∆q# − "∆r# (V.8)  

Where ∆q# is the melting enthalpy and ∆r# is the melting entropy. 

 

When the polymer reaches the melting temperature, the Gibbs free energy is equal to zero 

(∆!# = 0) and it is possible to define the melting temperature as: 

 "# = ∆q#∆r#  (V.9)  

Where ∆q# is the enthalpy needed to break down the crystalline structure at constant " and 

s. 

 

If the polymer chains are sufficiently long, this parameter becomes independent on the length. 

∆r# > 0 is related to the increase in disorder generally observed at melting. The value of "# 

provides several information on the polymer behavior during melting. For a polymer having a 

fixed molecular weight, or a fixed volume, shorter chains lead to a more pronounced increase 

in the level of disorder ∆r#, therefore "#is lower. If the polymer chains are highly connected 

to each other, the energy associated with the links increases, resulting in an increase of ∆q# 

and "#. Finally, if the polymer chains have a low mobility in the liquid state, then the ∆r# 

value is lower and "# is higher.   

The thermodynamic melting temperature "#+  is defined as the temperature where the free 

energy in the solid and the free energy in the liquid is the same. 
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V.4. Global theories about crystallization kinetics 

V.4.1. Introduction 

The so-called "global kinetic theories” describe the evolution of the transformation rate t(") 
as a function of time and temperature. t(") is a degree of conversion that represents the 

fraction of crystallized volume and is called the “conversion rate” or the “relative crystallinity”. 

t(") is defined as the ratio of the crystallized volume fraction ug  on the crystallizable volume 

fraction u]: 

 t = ug(v, ")u]  (V.10)  

t varies between 0 and 1, while u] is always less than 1 and depends on the crystallization 

conditions. 

 

The kinetic theories are based on the following general assumptions 17,18: 

• Potential germs are randomly and uniformly distributed in the melt; the growth of 

semi-crystalline entities starts instantly after activation of the germs: there is no 

induction time 

• Potential germs can only disappear by activation or absorption by a growing semi-

crystalline entity 

• The geometry of growing semi-crystalline entities is imposed: spheres (3D growth), 

disks (2D) or sticks (1D) 

• The collision of two growing entities blocks their growth: this implies that the 

geometry of each entity is conserved 

• The total volume of polymer is constant during the transformation (isovolumic 

hypothesis) 

• Secondary crystallization (subsequent and partial crystallization of the amorphous 

areas located between the lamellae of semi-crystalline entities) is not taken into 

account: the final crystallinity u] of the spherulites is invariant during the 

transformation. This is a consequence of the isovolumic hypothesis: no crystallizable 

volume is created during the process 
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Two approaches have been typically used in the development of global theories of the 

crystallization kinetics: a geometric approach, which expresses the volume occupied by semi-

crystalline entities, and a probabilistic approach, which calculates the probability that an 

element of volume is transformed. The main difference lies in the mathematical treatment, 

but the basic assumptions as well as the results are supposed to be identical. In this work, only 

the geometric approach was used. 

V.4.2. Geometric approach 

The geometric approach considers the free growth of crystalline entities having a simple 

geometry, and then applies a correction that take into account the reduction of available 

crystallizable volume (i.e. the fact that the growth of each entity is not free, but hindered by 

the contact with nearby growing entities). For a finite volume, a change in the transformation 

rate xt can be written as a function of the change in the transformation rate for an infinite 

available volume xt′: 
 xt = (1 − t)xt′ (V.11)  

By specifying the dependence on time and then calculating the integral, the following 

expression is obtained: 

 t(v) = 1 − WXYm−t′(v)n (V.12)  

where t′ represents the rate of fictive transformation that would be obtained by a free growth 

of crystallites. 

 

This general relationship is the basis of all the Avrami’s models, and can be extended to the 

simultaneous growth of several crystalline phases, assuming that each phase develops 

independently of the others, sharing with them the available volume 19: 

 t(v) = 1 − WXY{−|t′(v)
-

} (V.13)  
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V.4.3. Isothermal conditions: the Avrami’s theory 

The Avrami-Evans’ theory 19–21 allows to calculate the transformation rate with the additional 

hypothesis that crystallization occurs at a constant temperature. The frequency of germ 

activation ~ and the crystallite growth rate ! are therefore constant. In these simplified 

conditions, the transformation rate can be written as: 

 t(v) = 1 − exp	(−Z�ÄÅk#-vÇ) (V.14)  

Where Z�ÄÅk#-  is the Avrami’s constant depending on the temperature and the crystalline 

growth mode, and É is the Avrami’s exponent depending on the growth mode (see Table V.1).  

 
Table V.1: Avrami’s exponent of different modes of germination – growth 

Growth Germination 

Heterogeneous Homogeneous 

3D É = 3 É = 4 

2D É = 2 É = 3 

1D É = 1 É = 2 

 

V.4.4. Cooling at a constant rate: the Ozawa’s theory 

Ozawa's theory 22 describes the kinetics of crystallization in the case of a constant cooling rate. 

The variation of the temperature causes a variation in the growth rate ! and in the frequency 

of germ activation ~. The theory makes the additional hypothesis that ! and ~ vary in the 

same way with the temperature (isokinetic hypothesis): 

 !(")~(") = ÑÖvW (V.15)  

The expression of the transformation rate is then written as: 

 t(") = 1 − exp	 Ü−Záàkâk(")äÇ ã (V.16)  

Where ä is the cooling rate (constant), and É is the Avrami’s exponent. 
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Introduction 

Chapter IV, showed that the incorporation of a small amount of 2,4-FDCA DME in 2,5-FDCA-

based polyesters is enough to significantly disturb the crystallization behavior of PEFs. This 

chapter shows some preliminary results evidencing the influence of the position of the 

carbonyl group on the crystallization kinetics for all the considered PEFs samples annealed 

both from the molten and the glassy state. Indeed, the crystallization behavior is an important 

aspect for both the production and application of thermoplastic aromatic polyesters. The 

isothermal crystallization kinetics were studied using Avrami’s and Hoffman-Lauritzen’s 

theories. A single set of Hoffman-Lauritzen parameters provides a linear relationship between 

the reference growth rate and the reciprocal molecular weight for catalyst-free PEFs. A 

particularly high activation energy for the segmental jump ($∗) (related to diffusion processes) 

was found for PEF compared PET, which was attributed to more restricted conformational 

changes of PEF chains and therefore a limitation of the crystallization rate.  

VI.1. Structural comparison between PET and 2,5-PEF 

The crystal structure commonly reported in the literature for PET was determined by Daubeny 

et al. 1 using X-ray diffraction measurements on drawn PET fibers. PET crystal structure is 

triclinic with dimensions & = 4.56 Å, , = 5.94 Å, . = 10.75 Å, and angles ! = 98.5°, # =
118° and 3 = 112°. The unit cell hosts one PET repeating unit. The crystal density is 1.455 

g/cm3, whereas the amorphous density is 1.335 g/cm3 at ambient conditions. 

The crystal structure of PEF was evaluated in an early study by Kazaryan and Medvedeva 2 

using the same method that Daubeny and Bunn  1 used for PET. PEF  crystal structure is also 

triclinic, with dimensions & = 5.75 Å, , = 5.35 Å, . = 20.10 Å, and angles ! = 133.3°, # =
90° and 3 = 112°. The unit cell hosts two PEF repeating units, resulting in a crystal density of 

1.565 g/cm3. Mao et al. 3 characterized it by X-ray fiber diffraction combined with molecular 

modeling, and suggested an arrangement in the space group P21 with a monoclinic unit cell 

having the following parameters & = 5.784 Å, , = 6.780 Å, . = 20.296 Å and 3 = 103.3°, 

and a calculated crystal density of 1.562 g/cm3. Maini et al. 4 attributed this difference to the 

polymorphism of 2,5-PEF.  
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Some of the relationships between thermal and structural properties in 2,5-PEF have already 

been investigated, for instance to explain the complex behavior exhibited by this polyester 

during isothermal crystallization. Two phases, called !6 and !, were identified by Stoclet et al. 

5. Tsanatkis et al. 6 . They evidenced that the selected experimental conditions have an 

influence on the crystallization processes, the stability, and the eventual transformation of 

2,5-PEF polymorphic crystalline structures. They also identified a new # phase obtained by 

solvent crystallization. The parameters of all the unit cells observed for 2,5-PEF are reported 

in Table VI.1 4. 

 

Table VI.1: Polymorphic crystalline structures of 2,5-PEF and the corresponding structural 

data reported from 4.  

Parameters 7 form 76 form 8 form 

Structure Triclinic Monoclinic Monoclinic 

& (Å) 5.729 5.912 5.953 

, (Å) 7.89 6.913 6.600 

. (Å) 9.62 19.73 10.52 

! (°) 98.1 90.0 90.0 

# (°) 65.1 90.0 107.0 

3 (°) 101.3 104.41 90.0 

Volume (Å3) 385.85 780.84 394.30 

9:;<=>?@  (g/cm3) 1.567 1.549 1.482 
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VI.2. Comparison of PET and 2,5-PEF in terms of conformation  

Araujo et al. 9 recently explored the chain conformation and dynamics of 2,5-PEF, both in the 

crystalline and amorphous regions, using a combination of vibrational spectroscopy and ab 

initio calculations. In the crystalline phase, the 2,5-PEF polymer chains arrange in an extended 

zig-zag arrangement. This strained synFDCAtransEG 
conformation is unfeasible for single chains 

but advantageous as the chains arrange to form a crystal, since it enables the formation of an 

extensive array of C−H···O bonds which lock in place adjacent PEF segments. In the amorphous 

regions, the 2,5-PEF polymer chains tend to coil following a statistical distribution of possible 

microconformations, the most prevalent being the antiFDCAgaucheEG helix. A significant energy 

difference separates the helical amorphous chain from the extended crystalline motif, almost 

3 times the difference found for PET. This is why the crystallization temperature of 2,5-PEF is 

higher compared to PET, and the strain-induced crystallization requires higher stretching 

ratios. According to Araujo et al. 9, the ! and # polymorphs are built from synFDCAtransEG chains 

interlocked by C−H···O hydrogen bonds. The packing differences between the ! and # 

polymorphs reflect on the carbonyl stretching band profile, which can therefore be taken as a 

probe for the quick discrimination between 2,5-PEF polymorphs in highly crystalline samples. 

Araujo et al. 9 also showed, by recording Inelastic Neutron Scattering (INS) spectra, that the 

vibrational modes involving the furanic ring (the “ring flipping” mode) and the glycolic moiety 

(the “seesaw” mode) are related to  a stiffer 2,5-PEF polymer chains, as compared to PET, 

which is a feature contributing to the lower gas permeability of 2,5-PEF.  

 

  



CHAPTER VI 

 174 

VI.3. Comparison of PET and 2,5-PEF in terms of thermal 

properties  

Several values of the equilibrium enthalpy of melting can be found in the literature for PET 

(MNOP = 117.5 J/g, 135.8 J/g, and 140 J/g) 10,11. Groeninckx et al. 12 used the Hoffman-Weeks 

method to determine the equilibrium melting temperature QOP = 290 °C for PET crystals made 

of fully extended polymer chains, and demonstrated by WAXS and SAXS that the melting 

temperature increases only as a function of the lamellar thickening, because no alternative 

crystalline phases were formed. The same paper reported that fully annealed PET can reach a 

maximum degree of crystallinity of 60%. In a study on isothermal melt crystallization kinetics, 

the transition from primary to secondary crystallization was found to occur at 35-40% 

crystallinity, with a maximum rate of crystalline growth recorded at 175 °C 13. However, many 

examples from the literature show how the crystal parameters and crystallization kinetics of 

PET can be influenced by catalyst residues and by the possible presence of co-monomers, 

which highlights the importance of the polymerization route on the observed behavior of the 

final polymer 14,15.  

Several values of the equilibrium enthalpy of melting have also been recently reported in the 

literature for 2,5-PEF (MNOP = 109 J/g 137 J/g, 140 J/g and 185 J/g) 5,16–18. The theoretical 

melting temperature for 2,5-PEF crystals made of fully extended polymer chains has also been 

reported with different values (QOP = 240, 247 and 265 °C) 19,20. Knoop et al. 19 presented 

some preliminary results about the crystallization kinetics of 2,5-PEF, and recorded a 

maximum rate of crystalline growth at 150 °C. On the basis of the Hoffman-Lauritzen’s theory, 

Papageorgiou et al. 17 suggested a temperature of 165 °C. Clearly, a deeper investigation is 

required to elucidate the crystallization behavior and the characteristic temperature ranges 

for 2,5-PEF, especially because of the marked polymorphism reported for furan-based 

polyesters.  
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Figure VI.7: Zoom on some of the thermograms of Figure VI.5, recorded with a heating rate 

of TG	°C/min for 2,5-PEF crystallized from the molten state during TD to WD minutes at TUG 

°C. 

For PE-2,5[90]-2,4[10]F, the second behavior is observed for annealing times ranging from 

approximately 30 to 300 min; for PE-2,5[85]-2,4[15]F, it is observed  for annealing times 

ranging from approximately 100 to 1	000 min when the crystallization is performed from the 

glassy state, and approximately 1	000 to 10	000 min when the crystallization is performed 

from the molten state. 

Furthermore, a small endothermic peak appears around 150 °C (denoted as peak I in Figure 

VI.5), whose area steadily increases with time while its position remains almost constant. 

Finally, for crystallization times above 100 min (2,5-PEF), 300 min (PE-2,5[90]-2,4[10]F), 1	000 

min (PE-2,5[85]-2,4[15]F from the glassy state), and 10	000 min (PE-2,5[85]-2,4[15]F from the 

molten state), the area of the three endothermic peaks reaches a maximum value, indicating 

that the samples reached their maximum crystallinity. 

 
The crystalline morphology of 2,5-PEF upon isothermal crystallization was reported as being 

spherulitic 21, which was also confirmed in this work as shown later on (Figure VI.9).  
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Considering a standard nucleation-growth model for the description of the isothermal 

crystallization behavior of PEF, Stoclet et al. 5 described the crystallization behavior by 

distinguishing 3 regions: 

• Region I, corresponding to nucleation; 

• Region II, corresponding to crystal growth; 

• Region III, characterized by a slight increase in crystallinity and accompanied by an 

evolution of the perfection degree of secondary crystals as the material reaches a 

crystallinity value of approximately 40%. 

As the crystallization time increases, the heat capacity step at the glass transition ∆.Y 

decreases in intensity (Figure VI.5 and VI.7), which means that a progressively smaller amount 

of sample undergoes the glass transition, the rest being consumed by the crystal growth 

during the annealing step. At the same time, the area below the crystallization peak decreases 

because the mass of sample available for cold crystallization upon heating is also reduced.  

  
To explain the presence of multiple melting endotherms, several hypothesis can be made: of 

the crystallization process originated more than one crystallographic form (polymorphism); 

the crystals formed during the annealing step are not perfect and undergo a melting-

crystallization-melting process during which the crystalline lamellae thicken and crystalline 

imperfections are fixed; if the polymer chains got stuck in the growing crystalline structure in 

a conformation which is unstable, upon heating there may be a change in orientation and/or 

conformation of the macromolecular segments within the lamellae; sometimes, complex 

melting behavior can be ascribed to a distribution of crystal sizes related to specific 

distributions of the molecular weight 22–24. The most likely hypothesis is that none of these 

mechanisms alone can explain the presence of multiple endotherms, but a combination of 

several parameters that require further investigations 25.  

 
The thermal behavior observed during the melting of 2,5-PEF is complex and strongly depends 

on the crystallization temperature Q:. Stoclet et al. 5 suggested the existence of a critical value 

of Q: ≈ 170 °C where a major change in the crystallization mechanisms occurs. For 

crystallization at Q: < 170 °C, the main melting peak has a double contribution (peaks II and 

III), whereas a single peak (peak II) is observed after crystallization at Q: ≥ 170 °C. 
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The observation of peaks II and III during melting may be due to the fact that in the low range 

of Q:  the !6 form is formed, which is more defective than the ! form. The first peak (peak I) is 

observed only after crystallizations at Q: < 170 °C, and at a temperature slightly above the 

crystallization temperature. As proposed by Papageorgiou et al. 17 and by analogy with PET 

25,26, its origin could be associated to the melting of secondary crystals, which are small and 

imperfect. These crystals have thinner lamellae due to the physical hindrance experienced 

during their formation because of a condition of lower mobility, and therefore melt at a lower 

temperature. By WAXD, Stoclet et al.5 associate the Peaks II and III to a melting-

recrystallization process and not to a crystal transformation (from the !6form to the ! form) 

upon heating. 

 

Regarding the influence of the position of the carbonyl group on the furan ring: as expected, 

when the ratio of 2,4-FDCA DME increases the time necessary (induction time) for the 

crystallization to occur in isothermal conditions increases. Concerning the position of the 

melting peaks: peak I remains relatively constant whatever the ratio of 2,5/2,4-FDCA DME, 

however when the ratio of 2,5-FDCA DME decreases peaks II and III are shifted to lower 

temperatures. For 2,5-PEF and PE-2,5[90]-2,4[10]F crystallized at 140 °C, the three peaks can 

be easily distinguished, revealing the presence of the !6 phase (disordered crystalline phase). 

However, in the case of PE-2,5[85]-2,4[15]F, only two endothermic peaks can be distinguished 

and likely attributed to a superposition of peaks I and II, that are quite close to peak III, or 

eventually to a modification of the crystalline form upon heating. This point will be further 

discussed later in the manuscript in the light of the structural characterizations. 

VI.4.2. Crystallization kinetics 

The crystalline fraction of a semi-crystalline polymer is generally calculated using the following 

equation: 

 R: = ∆NO − ∆N::
∆NOP  (VI.1)  

Where ∆NO  is the enthalpy of melting measured by DSC, ∆NOP  is the equilibrium enthalpy of 

melting for of an ideal fully crystalline sample (∆NOP = 140 J/g for 2,5-PEF 5) and ∆N::  is the 

enthalpy associated to cold crystallization measured by DSC. 
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The DSC curves detailed in the previous section, combined with the calculation of the 

crystallinity degree of each sample (Equation VI.1), allowed to build the curves representing 

the crystallization kinetics of all the considered PEFs samples, both from the glassy and the 

molten states. The obtained sigmoidal curves are presented in Figure VI.8. 

 

The comparison of the crystallization kinetics can be done considering two parameters: the 

maximum crystallinity reached at the longest annealing times R:	O?^	and the half-

crystallization time S_ `⁄ 	(i.e. the time required for the crystal to occupy half of the volume that 

can be eventually crystallized when the process has reached its maximum). These parameters 

are given in Table VI.2 for all the considered samples, for both the crystallization protocols 

(from the glassy and the molten states). 

 

 

Figure VI.8: Evolution of crystallinity as a function of the annealing time for 2,5-PEF, PE-

2,5[90]-2,4[10]F and PE-2,5[85]-2,4[15]F maintained in isothermal conditions at bC = TUG 

°C from the glassy state (hollow symbols) and from the molten state (filled symbols). 

  



CHAPTER VI 

 182 

Table VI.2: Maximum crystallinity degree (cC	dHe) and half-crystallization time (fT D⁄ ) of PEFs 

samples after crystallization at TUG °C from the molten and the glassy states. 

 From molten state  From glassy state 

 cC	dHe (%) S_ `⁄  (min)  cC	dHe  (%) S_ `⁄  (min) 

2,5-PEF 39 ± 2 23 ± 5  34 ± 1 45 ± 2 

PE-2,5[90]-2,4[10]F 39 ± 1 86 ± 3  39 ± 1 60 ± 5 

PE-2,5[85]-2,4[15]F 35 ± 4 2326 ± 600  35 ± 1 337 ± 25 

 

All the considered PEF samples reach a similar value of the maximum crystallinity degree for 

a given crystallization temperature, whatever their initial physical state (glassy vs. molten). 

The parameter making a difference between the considered PEF samples is the crystallization 

time that one should wait to reach R:	O?^. Obviously, the half crystallization time follows the 

same trend and increases when the amount of 2,4-FDCA-bqsed isomers increases. 100 min is 

the time that one should wait to observe the beginning of crystallization (induction time) for 

PE-2,5[85]-2,4[15]F annealed at 140 °C. It is quite reasonable to assume that this difference 

is due to the asymmetry of 2,4-FDCA DME with respect to 2,5-FDCA DME, which is a sort of 

disadvantage for the polymer chains to align and fold, thus delaying (and eventually 

preventing) crystallization. Figure IV.5 also shows that PEF copolymers crystallize faster from 

the glassy state compared to the molten state. This difference is most likely due to 

germination, which is favored at low temperature and therefore is enhanced when the 

samples are cooled down to the glassy state and then heated up again to the cold-

crystallization temperature range. For a deeper understanding, it could be interesting to study 

the evolution of crystallinity at different temperatures, both from the glassy and the molten 

states.  

 

VI.4.3. Morphology and growth of spherulites 

The spherulitic growth of 2,5-PEF was also monitored by POM under isothermal conditions. 

The copolymers, however, develop spherulites that are too small to be observed by POM. 

Figure VI.9 shows a few pictures of the spherulites developed in 2,5-PEF during isothermal 

crystallization from the molten state. 
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Figure VI.9: Crystallization kinetics of 2,5-PEF recorded by annealing the sample at TUG °C 

from the molten state. The inset pictures were taken by Polarizing Optical Microscopy at 

different crystallization times.  

 

As the crystallization progresses, the crystallinity degree gradually increases as a result of a 

competition between germination and growth (the growth of the spherulites occurs 

simultaneously with the appearance of new spherulites). When the maximum crystallinity 

degree is reached, the spherulites percolate through the sample and occupy the entire field 

of view, but it does not look like they got to confluence. The average diameter of the 

spherulites was found to be very small (approximately 1 μm), whatever the selected 

crystallization temperature Q:. Figure VI.10 shows an example of the images used to estimate 

the isothermal spherulitic growth rate (g) at different crystallization temperatures (Q: = 140, 

150, 160 and 170	°C). 
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Figure VI.11: (a) Radial growth rate of spherulites (i) developed by 2,5-PEF as a function of 

the crystallization temperature (bC), and (b) linearized Hoffmann-Lauritzen’s equation for 

2,5-PEF isothermally crystallized at different crystallization temperatures reached from the 

molten state.   

The Hoffman-Lauritzen’s theory (H-L theory) 28 was used to study the crystallization behavior 

of the 2,5-PEF (more details in Chapter V). The H-L theory states that the crystallization process 

can be described by three different growth regimes depending on the degree of supercooling 

(QO − Q:), where QO and Q:  are the melting and crystallization temperatures, respectively. In 

particular, the growth is supposed to progress through successive nucleation steps occurring 

on the surfaces of the growing crystals 29. Regime I is typically observed when Q:  is close to 

QO. In this case, the growth rate g is proportional to the surface nucleation rate j, and the 

substrate completion rate k is higher than j. This means that any l>m layer of folded polymer 

chains is completed before the next (l + 1)>m layer is initiated. As Q:  decreases with respect 

to QO, a transition is observed from Regime I to Regime II. In Regime II, g is proportional to 

j_ `o  and the rates k and j become comparable as a consequence of the rapid increase in the 

surface nucleation rate, itself associated with a higher degree of supercooling (QO − Q:). 

Several acts of nucleation take place at the same time and on the same crystalline surface, 

and the crystal growth proceeds even if a given layer of folded polymer chains is not yet 

completely filled. As Q:  gets even lower with respect to QO, another transition is observed 

from Regime II to Regime III. In Regime III, the growth rate g is controlled by j rather than by 

j_ `o . This means that there is a profusion of very small nuclei and the rate k is much lower or 

eventually nil. The growth front is extremely rough and irregular because of such an intensive 

(a) (b) 
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and multiple nucleation process. The H-L equation describes the radial growth rate of the 

spherulites as following: 

 g = gPpq
rs∗ t(uvruw)o xpy

rz{ |uv∆u} ~
 (VI.2)  

Where gP is an independent temperature constant, $∗ is the activation energy for the 

transport phenomena of the crystallizable polymer segments, � = 8.314 J/(mol×K) is the gas 

constant, Q:  is the crystallization temperature, QÄ is a hypothetical temperature where the 

molecular motions related to the viscous flow stop, defined as QÄ = QÅ − Ç ( in this case QÅ =
82 °C ) and usually with Ç = 30 °C 30, ∆Q = QOP − Q: 	is the supercooling temperature with QOP  

is the equilibrium melting temperature determined from the Hoffman-Weeks routine as QOP =
247 °C 18, ÉÅ is the nucleation constant and h is a parameter defined as: 

 h = 2Q:/(QOP + Q:)	 (VI.3)  

 

The software OriginPro 2018 was used for non-linear fittings of the experimental data, which 

provides the following values: $∗ = 4	865 J/mol and ÉÅ = 1.07 × 10Ö K2. 

 

By linearizing and rearranging the H-L equation, the following equation is obtained: 

 ln(g) + $∗
�(Q: − QÄ) = àl(gP) − ÉÅ

hQ:∆Q (VI.4)  

      

By plotting ln(g) + $∗ (�(Q: − QÄ))⁄  as a function of 1 (hQ:∆Q)	⁄ and by fixing $∗ = 6	270 

J/mol (typically taken as the universal value 30), the nucleation constant is obtained from the 

slope (−ÉÅ) and the independent temperature constant is obtained from the intercept 

àl(gP). Figure VI.11 (b) shows a single slope straight line which means that the growth regime 

is the same on the overall crystallization temperature range (140-200 °C). A value of 

2.15 × 10Ö K2 was obtained for the nucleation constant ÉÅ and was in good agreement with 

the values obtained by Codou et al.20 (3.16 × 10Ö K2) and van Berkel et al. 18 (2.8 × 10Ö K2) 

and PET values (ÉÅ typically comprised ranging from 1.9 × 10Ö to 3.7 × 10Ö K2 26,31,32).  



Crystallization Behavior of PEFs 

 187 

VI.5. Characterization of the amorphous phase during 

crystallization 

In most cases, semi-crystalline polymers cannot be described by a simple two-phase model 

associating an amorphous phase (R?O) and a crystalline phase (R:), but is better described by 

a three-phase model dividing the amorphous phase into two amorphous fractions, the Mobile 

Amorphous Fraction (MAF) and the Rigid Amorphous Fraction (RAF). This approach has 

already been used by several authors to describe the microstructure of PET 33–36 and was 

recently applied by Stoclet et al. 5 to 2,5-PEF. In particular, the three phases generally admitted 

to describe the microstructure of semi-crystalline polymers have the following features: 

- The MAF is defined as the amorphous fraction that relaxes at the glass transition and 

corresponds to the unconstrained amorphous polymer chains; 

- The RAF is an amorphous fraction that cannot relax at the glass transition because it is 

constrained (by the crystals, for instance) and therefore devitrifies at temperatures 

generally comprised between QÅ and QO; 

- The crystalline phase is defined as usual, i.e. the fraction of polymer chains arranged 

in more or less regular structures in which the molecular mobility is dramatically 

reduced if not totally suppressed at Q < QO. 

In general, the mobile amorphous fraction R?O is calculated from the value of MÇY recorded 

at the glass transition using the following equation: 

 R?O = ∆ÇY
∆ÇYP (VI.5)  

Where ∆ÇY  is the heat capacity step at the glass transition for the semi-crystalline samples 

and ∆ÇYP is the heat capacity step at the glass transition for the fully amorphous counterpart.  

 

Whenever a discrepancy is observed leading to R?O + R: < 1 (with R:  calculated according 

to Equation VI.1), the calculations are adjusted by defining the rigid amorphous fraction as: 

 R?; = 1 − (R: + R?O) (VI.6)  
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Figure VI.12 shows the evolution of R?O and R?;  as a function of R:  for all the considered PEF 

samples crystallized both from the molten and the glassy state at the same crystallization 

temperature Q: = 140 °C. It is clear that the increase in crystallinity is accompanied by the 

progressive formation of the rigid amorphous fraction. 

 

 

Figure VI.12: (a) Evolution of the mobile amorphous fraction (cHd) and (b) the rigid 

amorphous fraction (cHâ) as a function of the crystallinity (cC) for 2,5-PEF (black), PE-

2,5[90]-2,4[10]F (red) and PE-2,5[85]-2,4[15]F (green) crystallized in isothermal conditions 

both from the glassy (hollow symbols) and the molten state (filled symbols). 

It is noteworthy to point out that the crystallization process produces the same amount of 

crystals and constrained amorphous chains, for R?O and R:  both reach a maximum value of 

35%). Similar results have already been reported for PET, for which a linear increase in R?;  

with R:  was observed and explained by the fact that the polymer crystals confine the 

amorphous phase 36. The presence of RAF, which is relatively stiffer in comparison with MAF, 

affect the properties of polymers. For example, previous studies showed that the RAF can be 

responsible of an increase in the elastic modulus like in PET 33, Poly (1-Butene) (PB) 37, Poly 

(Amide 6) (PA 6) 38 and Poly (Ethylene) (PE) 39 and can have a strong influence on the barrier 

properties like observed in PLA 40,41. 

  

(a) (b) 
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VI.6. Influence of the position of the carbonyl group with 

respect to the furan ring on the crystal structure 

As previously detailed, 2,5-PEF chains can arrange in three different crystalline forms (!, !6 
and #), which can be distinguished thanks to WAXD experiments (Figure VI.13). The WAXD 

profiles for the ! and the !6 forms are very similar, the only difference being that the ! form 

shows sharper reflections as compared to the !6 form as well as an extra peak at 2ä = 19.3° 

(obtained with a Çãzå  radiation 4). On the other hand, the 	# form exhibits five main 

reflections roughly positioned at the same angular values as the ones of the !6 form. However, 

they are much broader and have different relative intensities. There is also an additional low 

intensity reflection detectable around 2ä = 10° 4. Stoclet et al. 5 showed no significant 

influence of the crystallization pathway (from the molten or from the glassy state) on the 

intensity profile of WAXD results. 

 

 

Figure VI.13: X-Ray diffraction patterns of 2,5-PEF reported by Maini et al.4.  
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The WAXD analyses confirm that the crystalline form induced at Q: = 140 °C (Figure VI.14.a 

(2) and (3)) differs from the one obtained at Q: = 175 °C (Figure VI.14.a (4)). More specifically, 

the peak around 2ä = 22.5° is not observed for 2,5-PEF at Q: = 140 °C. Thus, the crystalline 

form grown during isothermal crystallization at Q: > 170 °C is a reasonably “perfect” 

crystalline form of 2,5-PEF (! form), whereas a a slightly different (defective) form is grown at 

lower crystallization temperatures (!′ form). 

 

The PE-2,5[90]-2,4[10]F (Figure VI.14.b) and PE-2,5[85]-2,4[15]F (Figure VI.14.c) samples 

crystallized at Q: = 140 °C have a peak around 2ä = 22.5°, therefore copolymers can also 

crystallize in the the ! form. Looking at the DSC results reported in Figure VI.5 for PE-2,5[90]-

2,4[10]F, three endothermic peaks are observed, which suggests that at the crystallization at 

Q: = 140 °C produces both the ! and the !6 forms. In the case of PE-2,5[85]-2,4[15]F, only 

two peaks can be distinguished, which could correspond to the ! form of 2,5-PEF previously 

observed by Stoclet et al. 5 at lower crystallization temperature. One may conclude that, for 

this copolymer, two possibilities exist: either only the ! form is grown, or the two forms are 

grown as in the case of PE-2,5[90]-2,4[10]F, explaining the superposition of peaks I and II. As 

a perspective, it could be interesting to perform Fast Scanning Calorimetry (FSC) 

measurements because the use of fast scanning rates allows avoiding that the !6 form 

converts to the ! form. It would be even better if these measurements could be coupled with 

in situ DRX measurements as a function of the temperature. 

 

To summarize, at Q: = 140 °C, 2,5-PEF crystallizes in the !6 form, PE-2,5[90]-2,4[10]F 

crystallizes in the ! and !6 forms, and PE-2,5[85]-2,4[15]F crystallizes either exclusively in the 

! form or in both.  

The addition of 2,4-FDCA DME units into 2,5-FDCA DME based polymer chains can therefore 

be used to obtain the most stable crystalline phase typically observed for 2,5-PEF more easily 

and at lower crystallization temperatures. 
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Conclusion 

In this chapter, the influence of the position of the carbonyl group on the furan ring was 

evaluated in terms of crystallization behavior. The copolymerization of 2,5-FDCA DME units 

with 2,4-FDCA DME units leads to furan-based copolyesters with disturbed aptitude to 

crystallize (the copolymers are fully amorphous for 2,4-FDCA DME contents above 15%), a 

lower crystallinity rate (the half-crystallization time increases) but no significant decrease in 

the maximum crystallinity. The incorporation of 2,4-FDCA-based units into 2,5-PEF decreases 

the melting temperature (i.e. decreases the thickness of crystalline lamellae) and also 

increases the aptitude to form ordered crystals of 2,5-PEF. 
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Conclusions and Prospects 

The aim of this work was to study the properties of new biopolyesters based on 

FuranDiCarboxylic Acid (FDCA) as a function of the positional isomerism of their repeating 

unit, i.e. the position of the carbonyl group on the furan ring. The study focused on the two 

main isomers of FDCA, i.e. 2,5-FDCA that is currently used to obtain Poly (Ethylene-2,5-

Furanoate) (2,5-PEF), and 2,4-FDCA, which can be used to obtain Poly (Ethylene-2,4-

Furanoate) (2,4-PEF) with extremely slow crystallization kinetics. 

This work was articulated in two main sections: 

The first section consisted in the study of the samples in their amorphous form. The 

investigations allowed to evaluate the molecular mobility as a function of the position of the 

carbonyl group on the furan ring, and how this affects the relaxation dynamics at the glass 

transition. This section considered the homopolymers, 2,5-PEF and 2,4-PEF, as well as a family 

of copolymers obtained by combining different amounts of 2,5- and 2,4-FDCA-based repeating 

units.  

The second sections allowed to evaluate the ability to crystallize of the samples by combining 

X-ray diffraction and thermal analysis. The kinetics of crystallization both from the molten and 

the glassy state were evaluated, because they provide important information for 

manufacturers, such as the maximum percentage of crystallinity that can be reached in 

specific temperature conditions, as well as the time necessary to reach half of the 

crystallization process.  

 

Regarding the thermal properties, a gap of 10 °C was observed between 2,5-PEF and 2,4-PEF, 

both in terms of degradation temperature and glass transition temperature. However, the 

most interesting results were obtained for the copolymers. The 2,5/2,4 ratio does not 

significantly affect these temperatures (#$  and #% of the copolymers are closer to the values 

obtained for 2,5-PEF), however the presence of a slight amount of 2,4 repeating units is 

enough to significantly disrupt the crystallization of the copolymers as compared to 2,5-PEF.  
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Besides, the incorporation of 2,4 repeating units induces significant modifications in the 

amorphous phase: the local motions are slower, and the cooperativity associated to the glass 

transition is also reduced. 

 

The crystallization behavior is also affected by the position of the carbonyl group on the furan 

ring. Indeed, the addition of 2,4 repeating units changed the ability to crystallize, and with as 

little as 15% of 2,4-isomers the copolymer becomes non-crystallizable. The copolymerization 

of 2,5-FDCA DME with 2,4-FDCA DME leads, in the case of the copolyesters, to a decrease in 

the crystallinity rate (revealed as an increase in the half-crystallization time &' (⁄ ) with no 

significant decrease of crystallinity. Furthermore, the incorporation of 2,4-FDCA-based 

repeating units into 2,5-PEF decreases the melting temperatures (i.e. decreases the thickness 

of crystalline lamellae) and increases the aptitude to form stable crystals of 2,5-PEF. 

 

As a prospect, to complete the analyses already performed, it would be interesting to go 

deeper thanks to other experimental techniques. A measurement of the free volume in the 

series of samples based on both 2,5- and 2,4-FDCA could be done by Positron Annihilation 

Lifetime Spectroscopy (PALS). Indeed, free volume is a key parameter to evaluate the 

relaxation processes, which require an activation volume (not only an activation energy) to 

occur.  

Fast Scanning Calorimetry (FSC) could be also an interesting experimental technique to better 

evaluate the influence of positional isomerisms on the glass-forming ability of these materials 

(critical cooling rate to play around with the nucleation/growth mechanisms), as well as on 

the mechanisms of their physical aging. Indeed, due to the tremendously high scanning rate 

and a radical decrease in the size and mass of the sample (nanoscale), FSC allows to accelerate 

the kinetics of physical aging, providing key information to understand the molecular 

dynamics in the glassy state.  
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Abbreviations List 

 

!"
####: Number-average molecular weights 

!$
#####: Weight-average molecular weights 

%&'''⃗ (*): Position of the atom , at the time * 

-.'''⃗ : Dipole moment of the molecule / 

∆12
3: Heat capacity step at the glass 

transition for the fully amorphous 

counterpart 

∆455: Enthalpy associated to cold 

crystallization 

∆46
3 : Equilibrium enthalpy of melting for 

of an ideal fully crystalline sample 

∆46: Melting enthalpy 

∆ℎ6: Melting enthalpy per unit of volume 

∆86: Melting entropy 

9:;: Amplitude of the heat flow 

modulation 

9<: Amplitude of the heating rate 

modulation 

=3: Molecular thickness 

1∗: Complex heat capacity 

13: Respective geometric (i.e. empty cell) 

capacity 

16
∗ : Measured capacity 

12: Heat capacity 

?2: Specific heat capacity 

1@AB: Heat capacity of the reference 

1CAB: Heat capacity of the sample 

1DE: Substrate capacity 

1F
∗: Complex specific heat capacity at 

constant volume 

G(HIJ): Vibrational energy 

G(&): Energy associated to the , 

relaxation 

GK: Activation energy 

GI: Possible energy states 

G'⃗ : Electric field 

LM(N): Spectral shape function of 

temperature fluctuations 

LO(N): Spectral shape function of 

polarization fluctuations 

PQ: Kirkwood correlation factor 

R6KS: Maximum of the crystallization 

rate 

RM
TT(N): Imaginary part of the complex 

temperature modulus 

UC
∗(N): Current measured across the 

sample 

VC
TT(N): Imaginary part of the complex 

entropy compliance 

WAX: Calibration factor 

YZH[K6I: Avrami’s constant 

Y\: Boltzmann’s constant 

Y]M: Gordon-Taylor parameter 

YQ$: Kwei parameter 

!TT(N): Imaginary part of the complex 

electric modulus 

!∗: Complex electric modulus 



Abbreviations List 

 204 

!3: Molar mass 

Ẑ: Avogadro number 

_̂: Number of polarized entities 

&̂: Number of partial systems or 

structural entities in a CRR 

Ì: Instantaneous polarization 

Ì: Probability that the partial system is in 

the energy state 

_̀: Orientation polarization 

'̀⃗ : Polarization 

a&: Fixed charge localized on the atom , 

b∗(w): Resistivity 

b@AB: Thermal resistance of the reference 

bCAB: Thermal resistance of the sample 

85[cDdKe: Entropy of the crystals 

8eIfEIg: Entropy of the equilibrium liquid 

*h i⁄ : Half-crystallization time 

k5	mno
: Temperature corresponding to the 

maximum of the crystallization rate 

k3: Fixed temperature (Heat flow 

calculation)  

k3: Vogel temperature 

kK: Aging temperature 

*K: Aging time 

kA: Crossover temperature 

k5: Crystallization temperature 

*5: Crystallization time 

kg	p%: Temperature at which a mass loss 

of 5% is observed 

kg	6KS: Temperature corresponding to 

the maximum rate of mass loss 

kr: Fictive temperature 

ks: Glass transition temperature 

kI: Initial temperature 

kQ: Kauzmann’s temperature 

k6
3 : Thermodynamic melting temperature 

k6: Melting temperature 

*2: Polarization time 

k@: Reference temperature 

k[: Reference temperature 

kC: Sample temperature 

k&: Dynamic vitreous transition 

temperature 

t∗: Activation energy of the displacement 

of the macromolecules within the melt 

t∗(w): Sinusoidal voltage 

uv: Crystallizable volume fraction 

uK6: Mobile amorphous fraction 

uK[: Rigid amorphous phase 

u5	6KS: Maximum crystallinity degree 

u5: Crystalline fraction 

w∗(w): Complex electrical impedance 

,:x: Shape parameter describing the 

symmetric broadening factors of the 

dielectric spectra 

yz: Cooling rate 

y:x: Shape parameters describing the 

asymmetric broadening factors of the 

dielectric spectra 

yQ{{: Stretch exponent 

|TT: Dielectric loss 

|∗: Complex dielectric permittivity 

|v: Unrelaxed dielectric permittivity 
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|3: Dielectric permittivity of vacuum 

|D
∗: Complex permittivity of the sample 

|DE
∗ : Complex permittivity of the substrate 

}M: Isothermal compressibility 

~&: Cooperativity length 

�∗(w): Electrical conductivity 

�3: Ohmic conduction related to the 

mobile charge carriers 

�Ä: Free energy of the crystal folding 

surfaces 

ÅAA: Cole-Cole relaxation time 

ÅAÇ	: Cole Davidson relaxation time 

ÅÇ: Debye relaxation time 

Å6KS: Relaxation time associated to the 

maximum of the relaxation peak 

ÉÄf(k): Equilibrium value of the property 

Éx@: Non-reversing heat flow 

É@: Reversing heat flow 

ÑTT(N): Imaginary part of dielectric 

susceptibility 

Ñ∗: Dielectric susceptibility 

w: Angular frequency 

µ: Dipole moment 

j: Phase shift between the applied 

voltage and the measured current 

∆?2: Specific heat capacity step 

∆Gi(N): Spectral densities of the local 

electric field 

∆PC: Free enthalpy associated with the 

molten-crystal interface formation 

∆Pd: Transition free energy 

∆PF: Free energy associated with the 

transformation of a molten volume of 

polymer to a crystal 

∆ℎ∗: Apparent activation energy 

∆`i(N): Spectral densities of the 

polarization 

∆8i(N): Spectral density of entropy 

fluctuations 

∆85: Configurational entropy 

∆ki(N): Spectral density of temperature 

fluctuations 

∆k: Supercooling 

∆|: Dielectric relaxation strength 

1H: Proton 

2,4-PEF: Poly (Ethylene-2,4-

Furandicarboxylate) 

2,5-FDCA DME: Dimethyl-2,5-

furandicarboxylate 

2,5-PEF: Poly (Ethylene-2,5-

Furandicarboxylate) 

9: Amplitude temperature 

ATR: Attenuated Total Reflectance 

1: Heat capacity 

1’: In-phase component of the heat 

capacity 

1’’: Out-phase component of the heat 

capacity 

1(w): Capacitance 

CC: Cole-Cole 

CD: Cole-Davidson 

CHCl3: Chloroform 

CO2: Carbon dioxyde 
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CRR: Cooperative Rearranging Regions 

Ü: Spacing between successive diffracting 

planes 

DMA: Dynamic Mechanical Analysis 

DMF: DiMethyl-2,5-Furandicarboxylate 

DMSO: Deuterated dimethylsulfoxide 

DMT: DiMethyl Terephthalate 

DRS: Dielectric Relaxation Spectroscopy 

DSC: Differential Scanning Calorimetry 

Ü,: Transformation rate 

Ü,′: Transformation rate for an infinite 

available volume 

G(N): Electric field 

EG: Ethylene Glycol 

EL: Ethyl Levulinate 

EMF: 5-EthoxyMethylFurfural 

L: Correction factor 

L: frequency 

à: Onsager factor 

L(,): Kinetic expression 

FA: 2-Furoic Acid 

FA: Formic Acid 

FDCA: FuranDiCarboxylic Acid 

FSC: Fast Scanning Calorimetry 

FTIR: Fourier-Transform Infrared 

Spectroscopy 

R: Gibbs Free energy 

R: Overall growth rate of the lamella 

P(%): Radial distribution function 

GPC: Gel Permeation Chromatography 

gVL: â-ValeroLactone 

4: Specific enthalpy 

HMF: 5-(HydroxyMethyl)-2-Furaldehyde 

HN: Havriliak-Negami 

/: Rate of deposition of secondary germs 

ä: Rate of completion of the layer 

KWW: Kohlrausch-Williams-Watts 

ã: Natural logarithmic ratio between the 

maximum and minimum rates of 

degradation 

LA: Levulinic Acid 

å: fragility index 

MAF: Mobile Amorphous Fraction 

MDS: Molecular Dynamics Simulations 

MEG: Methyl Ethyl Glycol 

MT-DSC: Modulated Temperature 

Differential Scanning Calorimetry 

MTGA: Modulated ThermoGravimetric 

Analysis 

ç: Avrami’s exponent 

ç: Order of diffraction 

N2 : Dinitrogen 

NMR: Nuclear Magnetic Resonance 

PA 6: Poly (Amide 6) 

PB: Poly (1-Butene) 

PBF: Poly (Butylene Furandicarboxylate) 

PE: Poly (Ethylene) 

PEN: Poly (Ethylene Naphthalate) 

PET: Poly (Ethylene Terephthalate) 

PLA: Poly (Lactid Acid)  

POM: Polarized Optical Microscopy 

PPF: Poly (Propylene Furandicarboxylate) 

PS: Poly (Styrene) 

PVC: Poly (Vinyl Chloride) 
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é: Heat transfer 

a: Kwei parameter proportional to the 

number of specific intermolecular 

interactions 

%: Interatomic distance 

%: Radius 

b: Thermal resistance (Ohm’s law) 

b: Universal gas constant 

RAF: Rigid Amorphous Fraction 

8: Specific entropy 

SAXS: Small-Angle X-ray Scattering 

k: Temperature 

TGA: ThermoGravimetric Analysis 

TNM: Tool-Narayanaswamy-Moynihan 

TPA: TerePhthalic Acid 

TSDC: Thermo-Stimulated Depolarization 

Currents 

è: Specific volume 

VFT: Vogel-Fulcher-Tammann 

WAXD: Wide Angle X-ray Diffraction 

WAXS: Wide-Angle X-ray Scattering 

XRD: X-Ray Diffraction 

w: Pre-exponential factor 

,: Coefficient of expansion (Chapter III) 

,: Fraction of sample 

,(k): Ratio of the crystallized volume 

fraction on crystallizable volume 

fraction 

,′: Rate of fictive transformation that 

would be obtained by a free growth of 

crystallites 

y: Scanning rate 

êk: Mean temperature fluctuation 

ë: Viscosity 

í: Diffraction angle 

ì: Wavelength of the incident X-ray beam 

�: Free energy of the crystal/melt 

interface 

Å: Relaxation time 

É: Heat flow 

É: Property 
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ANNEXES 

Annex A: 1H RMN Spectra 

 

 

Figure A.1: 1H NMR spectrum of Poly(1,2-ethylene-2,5-furandicarboxylate) (2,5-PEF). 

 

Figure A.2: 1H NMR spectrum of Poly(1,2-ethylene-2,5[[90]-2,4[10]-furandicarboxylate) (PE-

2,5[90]-2,4[10]-F). 
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Figure A.3: 1H NMR spectrum of Poly(1,2-ethylene-2,5[[85]-2,4[15]-furandicarboxylate) (PE-

2,5[85]-2,4[15]-F). 

 

Figure A.4: 1H NMR spectrum of Poly(1,2-ethylene-2,5[[50]-2,4[50]-furandicarboxylate) (PE-

2,5[50]-2,4[50]-F). 
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Figure A.5: 1H NMR spectrum of Poly (1,2-ethylene-2,4-furandicarboxylate) (2,4-PEF). 
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Annex B: MDS Calculation 

 

Molecular Dynamics Simulation (MDS) was performed by the University of Lille only on 2,4-

PEF and 2,5-PEF. These two samples were studied in the molten state at ! = 500 K using the 

DL_POLY 1,2 package and GAFF 3 force field to model the intra- and intermolecular interactions. 

The equations of motion were integrated using the Verlet leapfrog algorithm, with a time step 

of 1 fs, and bond lengths were constrained by means of the SHAKE algorithm. Cubic periodic 

boundary conditions were applied. For each compound, a disordered configuration of & = 30 

chains of 7 repeating units was generated. Each chain was therefore composed of &) = 138 

atoms. A Lennard-Jones potential was employed to represent van der Waals interactions. For 

the electrostatic interactions, a pairwise damped shifted method developed by Wolf 4 was 

used. Fixed charges located on each atom were directly obtained from an ab initio 

computation using the Gaussian program 5 with the method HF/6- 31G*	RESP recommended 

for GAFF. The same cutoff	radius of 10 Å was used for both van der Waals and Coulombic 

interactions. Thermalization was carried in isobaric−isothermal NPT ensemble at a pressure 

of + = 1.0 bar. The Nose−́	Hoover thermostat and barostat relaxation times were chosen as 

0.2 and 2.0 ps, respectively. In these conditions, the duration of the simulations were 100 and 

250 ns for 2,4-PEF and 2,5-PEF, respectively.  
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ABSTRACT: Among all the emergent biobased polymers, poly(ethylene
2,5-furandicarboxylate) (2,5-PEF) seems to be particularly interesting for
packaging applications. This work is focused on the investigation of the
relaxation dynamics and the macromolecular mobility in totally
amorphous 2,5-PEF as well as in the less studied poly(ethylene 2,4-
furandicarboxylate) (2,4-PEF). Both biopolymers were investigated by
differential scanning calorimetry and dielectric relaxation spectroscopy in
a large range of temperatures and frequencies. The main parameters
describing the relaxation dynamics and the molecular mobility in 2,5-PEF
and 2,4-PEF, such as the glass transition temperature, the temperature
dependence of the α and β relaxation times, the fragility index, and the apparent activation energy of the secondary relaxation,
were determined and discussed. 2,5-PEF showed a higher value of the dielectric strength as compared to 2,4-PEF and other well-
known polyesters, such as poly(ethylene terephthalate), which was confirmed by molecular dynamics simulations. According to
the Angell’s classification of glass-forming liquids, amorphous PEFs behave as stronger glass-formers in comparison with other
polyesters, which may be correlated to the packing efficiency of the macromolecular chains and therefore to the free volume and
the barrier properties.

■ INTRODUCTION

The demand for sustainable alternatives to fossil resources is
increasingly motivating both the scientific and industrial
communities to pay attention to any polymer that may be
obtained from renewable resources.1−6 As a consequence, the
number of polymers that are partially or entirely based on
renewable resources, and that are already (or soon will be)
commercialized, is increasing very fast. 2,5-Furandicarboxylic
acid (2,5-FDCA), a monomer obtained from vegetal feedstock,
can be used to synthesize poly(ethylene 2,5-furandicarboxylate)
(2,5-PEF).7−12 2,5-PEF is nowadays considered as the most
promising sustainable alternative to poly(ethylene terephtha-
late) (PET), as it exhibits improved mechanical and barrier
properties, which is essential to process lightweight beverage
packaging.4,13,14 O2, CO2, and H2O permeability in 2,5-PEF is
decreased by a factor 11,15 19,16 and 2.8,17,18 respectively, as
compared to PET.5 Recent studies provided information on the
iso- and nonisothermal crystallization kinetics of 2,5-
PEF.11,12,19−23 The growth of crystalline structures within a
polymer induces a progressive reduction of the amorphous
phase. In most systems, the presence of crystals considerably
modifies the molecular motions in the amorphous phase. The
three-phase model and the concept of cooperative rearranging
regions (CRR) were used by Codou et al.24 to explain the
incomplete decoupling between the crystalline and the

amorphous phases in 2,5-PEF as compared to PET. The
motional processes in amorphous 2,5-PEF have been recently
examined by Burgess et al.25 and compared to those occurring
in PET. The authors proved that the furan ring-flipping in 2,5-
PEF is limited as compared to the benzene ring-flipping in
PET, thus leading to slower chain mobility and a significant
reduction in oxygen diffusion. A recent study on the molecular
dynamics of semicrystalline 2,5-PEF was done by Dimitriadis et
al.26 In this study, they combined dielectric relaxation
spectroscopy (DRS) and differential scanning calorimetry
(DSC) in order to quantify the molecular mobility in each
microstructural fraction. However, the molecular-scale motions
in 2,5-PEF have not been completely investigated, yet they
could greatly help explaining the macroscopic behavior of these
polymers, as already reported for other biopolyesters.27

Thiyagarajan et al.28 recently reported that depending on the
conditions for the Henkel-type disproportionation reaction, not
only the 2,5-isomer (2,5-FDCA) is formed (70%) but also the
2,4-isomer (2,4-FDCA) (30%) and the 3,4-isomer (3,4-FDCA)
(<5%). They also pointed out for the first time the remarkable
effects of the position of the carboxylic group on the furan ring
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in such a series of FDCA isomers. In terms of symmetry, 2,4-
FDCA is the least symmetrical diacid. A comparison made in
terms of the dipole moment D obtained by simulation, and the
projected angle between the C1−C2 bond and the C5−C6
bond, leads to the conclusion that contrary to the common
belief and the general trend observed in the literature, the 2,5-
FDCA isomer is more similar to isophthalic acid (IPA) rather
than to terephthalic acid (TA), the latter being closer to the
2,4-FDCA.28 As such, the polymer that should be compared to
PET is 2,4-PEF rather than 2,5-PEF. From the point of view of
the thermal properties, the glass transition temperature Tg of
2,4-PEF is 6 °C lower than that of 2,5-PEF. Furthermore, 2,4-
PEF is completely amorphous (no melting point was observed
during DSC scans up to 250 °C). 2,4-FDCA was also found to
have a higher thermal stability with respect to the other FDCA
polyesters. To the best of our knowledge, the work performed
by Thiyagarajan et al.29 is the only study dealing with the
physical properties of 2,4-PEF. However, these materials are
clearly worth a deeper investigation. This work aims to
characterize the intrinsic mobility of the amorphous phase of
2,5-PEF and 2,4-PEF and is therefore focused on these
biopolyesters in their totally amorphous state. A comparison is
done between 2,5-PEF and 2,4-PEF in order to observe the
consequence of the isomeric substitution on the relaxation
behavior of the amorphous phase, on both a local and a
delocalized level. The experimental investigations were
performed by DRS and then supplemented by theoretical
results obtained by molecular dynamics simulations (MDS).
2,5-PEF and 2,4-PEF were also compared to well-known
polyesters, such as poly(ethylene terephthalate−glycol) (PETg)
(which can be considered as the amorphous counterpart of
PET)30 and poly(lactid acid) (PLA).31 These terms of
comparison were selected in order to highlight the weaknesses
and strengths of PEFs with respect to the actual references
(both petroleum-based and biobased) for packaging solutions
with specific barrier properties.

■ EXPERIMENTAL SECTION

Materials and Methods. Poly(ethylene 2,5-furandicarboxylate)
(2,5-PEF) and poly(ethylene 2,4-furandicarboxylate) (2,4-PEF)
homopolyesters were synthesized by using dimethyl furandicarboxylate
with 1,2-ethylene glycol in the presence of titanium(IV) isopropoxide
as catalyst. The detailed polymerization procedure was described in a
previous publication.28

Table 1 reports the repeating units of the obtained polymers, along
with the weight-average molecular weight (M̅w) and the number-
average molecular weight (M̅n) determined by gel permeation
chromatography, as compared to the reference polyesters (PETg
and PLA). PETg can be considered as the amorphous counterpart of
PET because it has a considerably lower ability to crystallize;32 the
selected (EASTAR copolyester 6763, Eastman Chem. Co.) is a grade
obtained with cyclohexanedimethanol, ethylene glycol, and terepth-
thalic acid in a molar ratio 1:2:3. The reference biopolyester selected
for comparison is a grade of PLA (4042D, NatureWorks LLC)
including 4.3% D-lactic acid isomers; the presence of D-lactic acid
interferes with polymer crystallization, increasing the chances to get a
substantially amorphous PLA.33 Prior to characterization, all the
freshly prepared samples were dried for 3 days at Tg + 15 °C (i.e., 95
°C) to remove any residual solvents used during the synthesis.
Differential Scanning Calorimetry (DSC). DSC thermograms

were recorded on a Q2000 DSC (TA Instruments) equipped with a
RCS90 intracooler. The dried samples (about 3 mg) were
encapsulated in standard aluminum pans and stored in a desiccator
over P2O5 until measurement. Standard sapphires were used for energy
calibration. Standard indium (Tm = 156.6 °C, ΔHm = 28.66 J g−1) and

benzophenone (Tm = 48.0 °C) were used for heat flow and
temperature calibrations. The DSC cell was purged with a continuous
flow of gaseous nitrogen (50 mL min−1). The samples in their fully
amorphous state were analyzed with the following program: heating
ramp from 0 to 250 °C at 10 K min−1 to get to the molten state,
isothermal step for 1 min at 250 °C for temperature homogenization
in the melt, cooling ramp within the DSC at the highest achievable rate
(ballistic quenching) down to 0 °C, followed by an isothermal step for
2 min at 0 °C for temperature stabilization, and finally a heating ramp
until 250 °C at 10 K min−1 for measurement.

Dielectric Relaxation Spectroscopy (DRS). DRS experiments
were performed using interdigitated electrodes (IEs) (BDS1410-20-
150, Novocontrol Technologies, with a sensor diameter of 20 mm,
gold-plated copper combs, and an accuracy in loss factor equal to tan δ
= 0.001). The spacing between the comb fingers is 150 μm, and their
thickness is 35 μm. Prior to sample deposition, each electrode was
calibrated by measuring its respective geometric (empty cell) capacity
C0 and substrate capacity Csu through the measurement of a standard
material with known permittivity (mineral B oil, Vacuubrand).
Assuming that the electric field penetrates only in the sample and
the substrate, the measured capacity Cm* is given by34

ε ε* = * + *C C ( )m 0 s su (1)

where εs* and εsu* are the complex permittivity of the sample and the
substrate, respectively. The measurements were carried out in a
frequency range of 2 × 106−0.1 Hz with an Alpha Analyzer
(Novocontrol Technologies) allowing measurement of the complex
impedance as a function of frequency. Nonisothermal dielectric spectra
were collected over a wide temperature range (from −150 to 150 °C)
with appropriate successive steps. Accurate temperature control was
implemented using the Quatro system (Novocontrol Technologies)
allowing a temperature stability of ±0.2 °C. The dielectric relaxation
curves were analyzed using the Havriliak−Negami (HN) complex
function:35,36

ε ε
ε

ωτ
* = +

Δ

+
α β∞

i[1 ( ) ]

HN

HN
HN HN (2)

This formalism allows fitting the real (ε′(ω)) and imaginary
components (ε″(ω)) of the complex dielectric permittivity (ε*(ω))
with the following equations:
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Table 1. Repeating Units, Weight-Average Molecular Weight
(M̅w), and Number-Average Molecular Weight (M̅n) of 2,5-
PEF and 2,4-PEF As Compared to PETg and PLA
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where ω is the angular position (ω = 2πf), ΔεHN is the relaxation
strength, τHN is the relaxation time, and αHN and βHN are the
symmetric and asymmetric broadening factors. The side effects due to
conductivity were treated by adding a contribution σ″cond = σ0/[ω

sε0]
to the dielectric loss, where σ0 is related to the specific direct current
(dc) conductivity of the sample. The parameter s (0 < s ≤ 1) describes
Ohmic (s = 1) and non-Ohmic (s < 1) contributions to conductivity.
Two relaxation processes were observed in the experimental frequency
window; therefore, a sum of two HN functions was used to fit the
experimental data. The fitting procedure was applied to both the
imaginary and real components of the signal in order to improve the
accuracy of the resulting fitting parameters.
Molecular Dynamics Simulations (MDS). MDS of 2,4-PEF and

2,5-PEF in the molten state were performed at T = 500 K using the
DL_POLY37,38 package and GAFF39 force field to model the intra-
and intermolecular interactions. The equations of motion were
integrated using the Verlet leapfrog algorithm, with a time step of 1
fs, and bond lengths were constrained by means of the SHAKE
algorithm. Cubic periodic boundary conditions were applied. For each
compound, a disordered configuration of N = 30 chains of 7 repeating
units was generated. Each chain was therefore composed of Na = 138
atoms. A Lennard-Jones potential was employed to represent van der
Waals interactions. For the electrostatic interactions, a pairwise
damped shifted method developed by Wolf40 was used. Fixed charges
located on each atom were directly obtained from an ab initio
computation using the Gaussian program41 with the method HF/6-
31G* RESP recommended for GAFF. The same cutoff radius of 10 Å
was used for both van der Waals and Coulombic interactions.
Thermalization was carried in isobaric−isothermal NPT ensemble at a
pressure of P = 1.0 bar. The Nose−́Hoover thermostat and barostat
relaxation times were chosen as 0.2 and 2.0 ps, respectively. In these
conditions, the duration of the simulations were 100 and 250 ns for
2,4-PEF and 2,5-PEF, respectively.

■ RESULTS AND DISCUSSION

Conventional DSC analyses were performed on quenched 2,5-
PEF and 2,4-PEF (Figure 1) to investigate any possible
difference in their thermal behavior upon heating.
The parameters associated with the main thermal events, i.e.,

glass transition and melting, are reported in Table 2 and
compared to the results that can be found in the literature for
the reference polyesters, i.e., PETg and PLA. The glass
transition temperature Tg of 2,4-PEF (72 °C) is 10 °C lower
as compared to 2,5-PEF. These values are in agreement with
those reported by Thiyagarajan et al.29 The endothermic peak
superimposed to the heat capacity step typical of the glass
transition corresponds to the enthalpy recovery peak associated
with physical aging and structural relaxation of the initial glasses
and has been already observed in other studies.42,43 Cold
crystallization occurs only in 2,5-PEF, starting at approximately
160 °C and being closely followed by a melting peak, whose
maximum is observed at approximately 215 °C. The enthalpies
of cold crystallization and melting are equal, meaning that 2,5-
PEF can be considered as fully amorphous prior to the DSC
heating ramp. The peaks are weak (approximately 5 J g−1),
confirming that 2,5-PEF has slower crystallization kinetics as

compared to other polyesters submitted to similar heating
rates.44−46 As for 2,4-PEF, only the glass transition and the
corresponding structural relaxation peak were observed. A very
long isothermal annealing (1 week at 140 °C, see Figure S1 in
the Supporting Information) was performed, confirming that
crystallization kinetics is extremely slow. The reason for the
strong amorphous character of 2,4-PEF could likely be ascribed
to the asymmetry of the 2,4-FDCA isomer, which disrupts any
possible arrangement of the macromolecules. When compared
to other polyesters (including semicrystalline PET), the gap
between Tg and Tm is surprisingly small in 2,5-PEF (Tm − Tg =
215 − 82 = 133 °C). Among all the polyesters mentioned in
Table 2, 2,5-PEF has the highest value of Tg yet a value of Tm

which is lower than PET, for which Tm − Tg = 243 − 73 = 170
°C.25 It is interesting to note that the equilibrium melting
temperature of PEF is estimated to be 265 °C11 or 226 °C,20,47

while it is 280 °C48 for PET. The relationship between Tm and
Tg is discussed in the literature since the early 1950s; the
empirical rule Tg/Tm ∼ 2/3, also known as Beaman’s rule,49

applies to many polymers.50 Later on, Lee and Knight51 showed
that the Tg/Tm ratio varies widely depending on the polymer.
Van Krevelen52 showed that a majority of polymers have a Tg/
Tm ratio between 0.56 and 0.76, confirming that most of them
have it equal to 2/3. In the case of 2,5-PEF, the Tg/Tm ratio is
equal to 0.73 (see Table 2), which agrees with the proposed
range.
The 3D plots of the dissipative signal (ε″( f,T)) of the

complex permittivity (ε*( f,T)) for both 2,5-PEF and 2,4-PEF
are presented in Figure 2. Both of them show two complex
relaxation processes. The first one (β relaxation) is recorded at
low temperature and frequency and, as expected, shifts toward
higher frequencies as the temperature increases. The second

Figure 1. DSC thermograms obtained during the heating ramps
(second scans) at 10 K min−1 for amorphous 2,5-PEF and 2,4-PEF.

Table 2. Glass Transition Temperature (Tg), Specific Heat
Capacity Step at Tg (Δcp), and Melting Temperature (Tm) of
Amorphous 2,5-PEF and 2,4-PEF As Compared to Other
Polyesters (PETg and PLA)

samples Tg (°C) Δcp (J g
−1 K−1) Tm (°C) Tg/Tm

2,5-PEF 82 ± 1 0.42 ± 0.03 215 ± 1 0.73

2,4-PEF 72 ± 1 0.42 ± 0.01

PETg 80 0.30

PLA 58 0.52 15753 0.77
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one (α relaxation) is more intense, located at higher
temperature and well separated from the β relaxation. At the
highest temperatures (well above Tg) and lowest frequencies, a
classical increase in the dissipative signal (ε″) can be associated
with the building up of conductivity phenomena.45 The
isothermal plots representing the dissipative signal vs frequency
for both 2,5-PEF and 2,4-PEF at different temperatures are
reported in Figure 3.
Figures 2 and 3 show that the same temperature dependence

is observed for the main relaxation processes in both 2,5-PEF
and 2,4-PEF, in that both the α and β relaxations shift to higher
frequencies but keep the same amplitude as the temperature
increases. The evidence of a single β relaxation for both 2,5-
PEF and 2,4-PEF is supported by the work of Dimitriadis et
al.26 on semicrystalline 2,5-PEF. This observation is interesting
because most polyesters (PET,47,48 PCT,47 PEN,54 PLA,55 and
PHAs45) are known to exhibit complex secondary relaxations
including at least two contributions. A paper recently published
by Soccio et al.56 on biobased poly(butylene 2,5-furanoate)
reports a broad β relaxation phenomenon that requires two
processes to be described: a faster β1 relaxation associated with

the more mobile subunit (four −CH2− of the aliphatic glycol
connected to the C−O of the ester function) and a slower β2
relaxation due to the stiffer moiety (connection between the
aromatic ring and the CO of the ester function). In the case
of 2,5-PEF and 2,4-PEF, the isothermal measurements of the β
relaxation (Figure 3) could be analyzed using one symmetrical
HN function (Cole−Cole function, eq 2). This analytical
procedure, illustrated in Figure 4 for a temperature of 90 °C,
can be extended to the measurements performed at different
temperatures. The relaxation times τmax recorded for all the
isothermal measurements for both the α and β processes can
then be plot in a relaxation map, as shown in Figure 5.
The values obtained for both 2,5-PEF and 2,4-PEF could

then be fit by the following Arrhenius law:

τ τ= ⎜ ⎟
⎛

⎝

⎞

⎠

E

RT
exp0,A

a

(6)

where Ea is the activation energy of the β relaxation, R is the gas
constant, and τ0,A is a pre-exponential factor. The Ea values
reported in Table 3 are close to the values provided by the
literature for other polyesters (36−46 kJ mol−1 for PLA,55 55 kJ

Figure 2. Imaginary part of the complex dielectric permittivity vs frequency and temperature for (a) amorphous 2,5-PEF and (b) amorphous 2,4-
PEF.

Figure 3. Dielectric loss spectra for (a) amorphous 2,5-PEF and (b) amorphous 2,4-PEF at several temperatures.
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mol−1 for PHBV,45 79 ± 10 kJ mol−1 for PET57) and can be
associated with the local motions of the polar subunits. In
particular, the Ea value obtained for 2,5-PEF is very close to the

value obtained by Dimitriadis et al.26 on semicrystalline PEF
(58 kJ mol−1). A higher value of Ea was found for the β
relaxation of 2,4-PEF as compared to 2,5-PEF, which clearly
originates from the differences in the chemical structure of the
repeating units and not from the fitting procedure (the shape
HN parameters for the β relaxation are similar in both 2,5-PEF
and 2,4-PEF, and all the peaks could be fit by a single HN
function; see Figure 4). Therefore, if the molecular structures
are compared, one can deduce that having the carboxylic group
in the 2,4-position on the furan ring reduces the molecular
mobility of the local dipolar subunit with respect to having it in
the 2,5-position.
The experimental data in the range of the α relaxations could

be fit by a Vogel−Tamman−Fulcher law (VFT) with the
equation60−62

τ τ=
−

⎛

⎝
⎜

⎞

⎠
⎟

DT

T T
expmax 0

0

0 (7)

where τmax is the relaxation time at the maximum of the α
relaxation, D is a dimensionless parameter defined as the
steepness strength, T0 is a reference temperature, and τ0 is a
pre-exponential factor. The relaxation map in Figure 5 shows
that the α relaxation of 2,5-PEF occurs at higher temperature as
compared to the α relaxation of 2,4-PEF. Conventionally, a
relaxation time equal to 100 s is selected; in this case, the
temperature read at a relaxation time equal to 10 s better relates
to the calorimetric glass transition temperature obtained by
MT-DSC with a period of 60 s63 (Table 3). The literature
provides several examples of dielectric values of the glass
transition temperature that are in good agreement with the
values obtained by thermal techniques, such as DSC or MT-
DSC.64,65

The fragility index m was introduced by Angell59 as a
parameter to classify glass-formers on the basis of the
temperature dependence of their structural relaxation:

τ
=

=

( )
m

d log( )

d
T

T
T T

max

g

g (8)

where Tg/T is the temperature reduced with respect to the glass
transition temperature Tg.
Small values of the fragility index m indicate an Arrhenius-

like temperature dependence of the relaxation time (which is
typical of “strong” supercooled liquids), i.e., log(τmax)(T) is
quasi-linear in the whole Tg/T range. On the other hand, when
log(τmax)(T) strongly deviates from linearity, the corresponding
glass-forming liquid is rather considered as “fragile”. The m
values obtained for 2,5-PEF and 2,4-PEF (116 and 120,

Figure 4. Illustration of the analytical procedure used to investigate the
relaxation phenomena by fitting isothermal dielectric loss spectra
(Figure 3) with a conductivity contribution and two Havriliak−
Negami (HN) complex functions. The shape HN parameters for both
the α and β processes in amorphous 2,5-PEF and 2,4-PEF at 90 °C are
also reported. This procedure allows obtaining the relaxation map in
Figure 5.

Figure 5. Relaxation map giving the temperature dependence of the
relaxation time for both the α and β processes in amorphous 2,5-PEF
and 2,4-PEF as compared to PETg and PLA (the data for PETg and
PLA have been reported from Rijal et al.58).

Table 3. Values of the Glass Transition Temperature Obtained by DRS for τ = 100 and 10 s, D Is a Dimensionless Parameter
from the VFT Fitting Equation, T0 Is a Reference Temperature, τ0 Is the Relaxation Time Extrapolated at an Infinite
Temperature, m Is the Fragility Index (Defined According to Angell59), τ0,A Is a Pre-exponential Factor in the Arrhenius Law,
and Ea Is the Activation Energy of the α Relaxationa

samples Tg(τ = 100 s) (°C) Tg(τ = 10 s) (°C) D T0 (°C) log(τ0) (s) m log(τ0,A) (s) Ea (kJ mol−1)

2,5-PEF 73 77 4.46 32 −12 116 ± 10 −15 56

2,4-PEF 65 68 4.32 25 −12 120 ± 5 −17 75

PETg 75 77 3 44 −11 152

PLA 54 54 5 17 −14 141

aThe data for PETg and PLA have been reported from Rijal et al.58
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respectively) are significantly lower compared to other
polyesters (142 for PET,66 152 for PETg,58 and 141 for
PLA44) (Table 3). Such values correspond to “fragile” glass-
formers, which is the behavior classically expected for
macromolecules with extended van der Waals interactions or
hydrogen bonds between chains.59,67 In terms of fragility, rather
than being close to PET, PETg, and PLA, PEF seems to be
closer to other aliphatic polyesters, such as poly(butylene
succinate) (PBS) (m = 12568) or poly(hydroxybutyrate-co-
valerate) (PHBV) (m = 10645).
Many works investigate the relationships between the glass

transition temperature, the fragility index, and the cooperativity
in polymers. Sasaki et al.,69 for instance, show that in PS
derivatives the size of the cooperative rearranging regions
(CRR) increases with increasing fragility. Recent investigations
showed that m is a key parameter to evaluate the molecular
arrangement and the relaxation dynamics of amorphous phases,
for it is supposed to be strongly dependent on the packing
efficiency of the macromolecules as well as on the stiffness of
their backbone.27 Indeed, the packing efficiency in glassy
materials is related to the free volume, as it was pointed out that
materials with lower fragility have less free volume.70 The only
difference between PEF and PET is in the composition of the
aromatic ring. However, the stiffness of their backbones is
similar, for their glass transition temperatures are pretty much
the same (Table 3). It is therefore reasonable to admit that the
packing efficiency is higher in PEF with respect to PET, that is
to say, that less free volume can be found in PEF as compared
to PET. This hypothesis perfectly correlates to the evidence of
higher barrier properties reported for PEF in comparison with
PET.15−18

The literature reports that the non-Debye relaxation behavior
in the time domain (t) is empirically described by the
Kohlrausch−Williams−Watts (KWW) function as follows:71

ϕ =
τ− β

t( ) e t( / )KWW
KWW

(9)

where ϕ(t) is the correlation function, βKWW (0 < βKWW ≤ 1) is
a stretching parameter, and τKWW is the relaxation time for
βKWW = 1. The stretching parameter βKWW allows comparing
any asymmetrical broadening behavior of the relaxation process
at short times (e.g., high frequencies) with the exponential
decay corresponding to a Debye relaxation with βKWW = 1. The

HN parameters (eqs 2−5) are correlated with βKWW as
follows:72

τ

τ
β≈ − β−

⎛
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⎠
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KWW
KWW

0.5 ( 3 )KWW

(10)

with a good approximation of eq 10 given by

β α β= ( )KWW HN HN
0.813

(11)

The master plots reported in Figure 6 were obtained by shifting
the spectra recorded at different temperatures (from 85 to 110
°C with a step of 1 °C) in order to superimpose them onto a
reference spectrum (at 90 °C) and can be used to graphically
visualize the stretching parameter βKWW. This graphical
procedure allows ascertaining whether temperature plays an
active role in the shape of the structural relaxation process,
which would have resulted in different distributions of the
relaxation times at different temperatures. The values of βKWW

experimentally found for 2,5-PEF and 2,4-PEF (0.54 and 0.42,
respectively) are in agreement with the values obtained by eq
11 (0.48 ± 0.02 for 2,5-PEF and 0.56 ± 0.07 for 2,4-PEF) and
also with the values previously reported for PETg (βKWW ≈

0.40)73 and PLA (βKWW ≈ 0.35).74

When fitting the experimental data with the HN function (eq
2), the dielectric strength Δεα is also obtained, which was
defined (according to the generalized form of the Debye’s
theory) by Onsager, Fröhlich, and Kirkwood as75

ε
ε

μ
Δ = G

k T

N

V

1

3 0
K

2

B (12)

where ε0 is the vacuum permittivity, GK is the Kirkwood
correlation factor, μ2 is the time-correlation function of the total
dipole moment, kB is Boltzmann’s constant, T is the
temperature, and N/V is the volume density of dipoles. The
temperature dependence of the dielectric strength Δεα can be
plotted in the α relaxation’s temperature range, as reported in
Figure 7 for amorphous 2,5-PEF, 2,4-PEF, PETg, and PLA. In
general, the dielectric strength decreases as temperature
increases.74,75

Figure 7 shows that the temperature dependence of Δεα for
both 2,5-PEF and 2,4-PEF has the same (negative) slope, which
is significantly higher when compared to others polyesters. This
is a remarkable result that deserves to be pointed out and that

Figure 6. Master plots of (a) amorphous 2,5-PEF and (b) amorphous 2,4-PEF obtained by horizontally shifting at f = fmax the isothermal spectra
recorded from 85 to 110 °C.
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required MDS for further investigation. The individual dipole
moment of a given polymer chain at a time t can be calculated
by MDS according to the expression

∑μ ⃗ = ⃗
α

α α

=

t q r t( ) ( )
N

1

a

(13)

where qα and rα⃗(t) are respectively the fixed charge localized on
the atom α and its position at the time t, and Na is the number
of atoms in the considered polymer chain.
The dipole moment distributions P(μ) obtained by MDS

runs on 2,5-PEF and 2,4-PEF polymer chains are shown in
Figure 8. 2,5-PEF and 2,4-PEF polymer chains experience a
broad range of dipole moments because of their intrinsic
flexibility; besides, the average dipole moment of 2,4-PEF
polymer chains is significantly lower with respect to the average
dipole moment of 2,5-PEF polymer chains (μ ≈ 6.2 and 8.2 D
for 2,4-PEF and 2,5-PEF, respectively). Dipole correlations are

well described by the so-called Kirkwood correlation factor GK

given by the relation

μ μ μ= + − ⟨ ⃗ · ⃗ ⟩ ⟨ ⟩G N1 ( 1) /
i jK

2
(14)

where μ⃗i is the dipole moment of the molecule i and ⟨μ⃗i·μ⃗j⟩
indicates an average over distinct pairs of molecules (i ≠ j). The
Kirkwood correlation factor accounts for the orientational
correlation of neighboring dipoles. In this study, GK ≈ 1 has
been computed for both 2,4-PEF and 2,5-PEF systems,
suggesting no specific correlation between dipoles. Based on
both μ and GK values and on the expression of the dielectric
strength defined in eq 9, it is thus possible to propose that the
significant difference in the dielectric strength obtained
between 2,4-PEF and 2,5-PEF mostly originates from the
different values found for the average dipole moment, which is
higher for 2,5-PEF polymer chains with respect to 2,4-PEF
polymer chains.

■ CONCLUSIONS

Different techniques were used to investigate PEFs and
compare them with well-known polymers belonging to the
same family (polyesters). The comparison between 2,5-PEF
and 2,4-PEF indicates that PEFs properties may be highly
affected by the position of the carbonyl group on the furan ring.
In particular, DSC showed that the effects on the capability of
the polymer chains to crystallize is dramatic, most likely
because the asymmetry in the 2,4-FDCA disrupts the
crystallization. This work benefited from DRS sensitivity to
further investigate the dielectric properties of PEFs and their
consequences on molecular mobility. The local β relaxations
were found to be quite different in 2,5-PEF and 2,4-PEF,
suggesting that PEFs with an asymmetrical position of the
carbonyl group on the furan ring require more time to relax
with respect to their symmetrical counterparts. The inves-
tigations about the structural α relaxation revealed that 2,5-PEF
and 2,4-PEF both behave as “fragile” glass-forming systems,
which is typical of most polymers. MDS performed on
oligomers (30 chains of 7 repeating units) provided evidence
that 2,5-PEF has a higher value of the average dipole moment μ
with respect to 2,4-PEF, which correlates with the higher
dielectric strength Δεα measured by DRS.
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Figure 8. Distribution of the dipole moment for 2,5-PEF and 2,4-PEF
polymer chains obtained from MDS.
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A B S T R A C T

The equilibrium enthalpy of melting ΔHm0 [J·g−1] is an extrapolated thermodynamic quantity attributed to
crystallizable macromolecules and widely used to characterize polymers in their semi-crystalline state, for it
allows estimating the degree of crystallinity by direct comparison with the enthalpy of melting obtained from
differential scanning calorimetry. ΔHm0 is typically obtained by cross-comparing the results obtained by at least
two techniques. This work proposes a simplified experimental protocol to determine ΔHm0 by the use of Fast
Scanning Calorimetry (FSC). This approach applies to any crystallizable polymer for which a specific micro-
structure can be obtained (i.e. a two-phase semi-crystalline microstructure with a negligible amount of rigid
amorphous fraction) and that can also be quenched to its fully amorphous state. Such a two-phase microstructure
can be obtained on nanoscale samples through an annealing process performed in situ on the FSC sensor at
crystallization temperatures as close as possible to the melting temperature. The enthalpy of melting is then
evaluated from the two-phase model for different crystallization times (i.e. different crystallinities) and the ΔHm0

is obtained by extrapolating the data to the 100% crystalline state. This procedure was applied on samples whose
ΔHm
0 values are already available in the literature, but also on more recent biobased polyesters whose thermal

properties are still under investigations.

1. Introduction

Since polymers can crystallize to different extents but never en-
tirely, an extrapolated value of enthalpy, the so-called equilibrium
enthalpy of melting ΔHm0 [J·g−1], can be theoretically defined as the
enthalpy that would be obtained from the melting peak of one gram of a
100% crystalline sample. According to its own definition, this in-
formation is not directly accessible because polymers are made of
macromolecules which are way too big to perfectly fold and entirely fit
in a regularly repeated crystal lattice; it is however essential to give an
estimate of ΔHm0, for it allows estimating the degree of crystallinity of a
semi-crystalline polymer by direct comparison with the enthalpy of
melting measured by DSC for any given semi-crystalline microstructure.
The debate is still open on the method used to determine ΔHm0, and
probably because the method may be different from a research group to
another, the values of ΔHm0 found in the literature are sometimes di-
verging, as shown in Table 1 for a selection of polymers. In addition,

some polymers are subjected to polymorphism; to our knowledge, so far
only Righetti and co-workers [1] took it into account for the calculation
of ΔHm0 in the case of poly(lactic acid). Besides, new polymers are
continuously synthesized, such as polyfuranoates [2] and many other
polyesters, and a value of ΔHm0 will certainly have to be found for each
of them to make preliminary characterizations complete [3,4]. It is
therefore of great interest to find a method that is robust and efficient to
determine the equilibrium enthalpy of melting for semi-crystalline
polymers, which would eventually help closing the debate or at least
provide further elements for discussion.
Even if some authors estimated the equilibrium enthalpy of melting

through methods such as the Flory equation [36] or density measure-
ments [9,34], the value of ΔHm0 for most crystallizable polymers has
been more traditionally determined by generating different micro-
structures with an increasing degree of crystallinity, and then cross-
comparing the results of microstructural characterizations performed
by at least two techniques, such as XRD and DSC [1,27–30,32–35]. On
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one side, XRD provides an overall apparent degree of crystallinity that
is calculated as a ratio of areas, i.e. the area corresponding to the
sharper (crystalline) peaks divided by the total area of the pattern
(crystalline peaks plus amorphous halo). On the other side, DSC pro-
vides the enthalpy [J· g-1] associated to the melting process of the
percentage of polymer crystals previously quantified by XRD. A linear
regression of several experimental points collected by this method on
samples with different crystallinities allows extrapolating the values of
enthalpy of melting to the ideal case of a 100% crystalline polymer.
Most of the time, the degree of crystallinity Xc is obtained from XRD
patterns, the enthalpy of melting ΔHm is estimated from DSC curves,
and the equilibrium enthalpy of melting ΔHm0 is calculated according to
Eq. (1).

=H H X/m m

DSC

c

XRD0 (1)

Sometimes other techniques, such as infrared [8,37–40] or Raman
spectroscopy [41–46], are used to quantify the overall percentage of
crystallinity to be compared to the value of enthalpy of melting ob-
tained by DSC, but the use of XRD cross-compared to DSC is by far the
most common. In a recent study about PLA, Righetti et al. [1] used XRD
patterns cross-compared to conventional DSC to obtain the equilibrium
enthalpy of melting as a function of temperature rather than a single
extrapolated value. Recently, Cebe et al. [8] proposed a method for
determining the equilibrium enthalpy of melting from Fast Scanning
Calorimetry (FSC). This method requires the measurement of the en-
thalpy of melting plotted against the product of the sample mass times
its crystallinity for several samples having variable masses and/or
crystallinities; in this case, ΔHm0 is deduced from the slope of the plot,
expected to be linear, representing ΔHm [J] vs. m X( * )c . This method is
interesting for it has two major advantages: (1) it allows determining
the equilibrium enthalpy of melting for samples that degrade right after
melting and therefore can be hardly characterized by conventional DSC
[47–50], and (2) it reduces the uncertainties that could be reproached
to conventional DSC, because melting/recrystallization processes are
observed at standard heating conditions [49–51] but largely suppressed
at higher heating rates [52–56]. According to the authors, this method
would reduce errors and can be applied to all types of polymers, co-
polymers, and blends regardless of their degree of crystallinity. In a
paper dealing with the heat capacity of poly(trimethylene ter-
ephthalate), Pyda et al. [57] raised the question about the possibility of
correlating the heat capacity at the glass transition

=
C |p T Tg

[J·g−1· mol−1] to the heat of fusion ΔHf [kJ·mol−1] obtained by ca-
lorimetry on the same sample subjected to different thermal treatments
(as received, partially quenched, quenched, crystallized isothermally,
annealed, after cooling with 10 K· min−1) and therefore with different
microstructures and crystallinities. They compared the experimental
results to the values predicted on the basis of the ATHAS Data Bank
[21] and observed that the extrapolated value of the heat of fusion,
which was used as a control over the measured values of heat capacity,
was in accord with an extrapolation of the experimental points only

when the corresponding microstructure contained little or no rigid
amorphous content. The thing is, when it comes to the microstructural
description of semi-crystalline polymers, in most cases the two-phase
model is better replaced by a more complex three-phase model [58,59],
which involves an additional “phase” to explain the connection be-
tween the ordered and disordered domains, the so-called rigid amor-
phous fraction (RAF). As such, the RAF should be considered as an
interphase, rather than a phase, for it usually forms within the amor-
phous phase and involves all the entangled macromolecular segments
that are too disordered to be part of a crystalline domain, yet too
constrained by the nearby crystals to relax as freely as the mobile
amorphous fraction (MAF). The appearance of a RAF is highly probable,
for it is due to the length of the polymer chains, which is intrinsically
much larger than the lamellar thickness [60,61]. The amount of RAF
can vary from a polymer to another, sometimes reaching up to 40%
[62]. Quite intuitively, the amount of RAF is expected to decrease if
crystals grow bigger and the macromolecular segments get less en-
tangled [59,61,63,64]. Several studies have shown how the RAF can be
used to explain some macroscopic properties of semi-crystalline mate-
rials [65–71] and understand their behavior [56], which in turns means
that controlling the amount of RAF is a key parameter for tailoring the
performance of semi-crystalline polymers – almost as much as con-
trolling the global amount, the size and the regularity of the crystalline
domains. As pointed out by previous works on the establishment of the
RAF [59,61,63,64], the connection between the amorphous and the
crystalline domains can be evidenced either during [58,63,72,73] or
after the crystallization process [58,59,63,64,73]. Moreover, the
amount of RAF depends on the crystallization conditions (thermal
treatment [57,74], time and temperature of crystallization [56],
thickness [75], mechanical treatments [76,77]). If it is possible to
control the amount of RAF by adjusting and carefully controlling the
experimental conditions for crystallization, with a suitable set of crys-
tallization parameters it should be possible to eventually create semi-
crystalline microstructures in which almost no RAF is formed.
As previously mentioned, the equilibrium enthalpy of melting ΔHm0

may be calculated according to Eq. (1) where Xc is an estimation of the
crystallinity degree obtained from XRD patterns, and the enthalpy of
melting Hm is calculated from DSC curves. On one side, being part of
the amorphous phase, the RAF is expected to contribute to the amor-
phous halo [78], which should be carefully subtracted to obtain Xc

XRD.
On the other side, the presence of RAF is known to be responsible for a
progressive change in the baseline of the DSC curves [58,79], which
also leads to either overestimate or underestimate Hm

DSC, depending on
the choice of the baseline and of the temperature range selected for
integration. As a consequence, the cross-comparison of Xc

XRD with
Hm

DSC is subjected to large uncertainties on the estimation of ΔHm0.
Besides, and most importantly, as for any other cross-comparison
method, the assumption has to be made that two samples prepared in
different ways, having different dimensions, and measured with two
different techniques, actually represent the same system. From an

Table 1
Values of the equilibrium enthalpy of melting ΔHm0 [J·g−1] found in the literature for a selection of crystallizable polymers.

Polymer Abbreviation ΔHm
0 [J·g−1]

Poly(ethylene) PE 289 [5], 282 [6], 307 [7], 281 [8]
Isotactic poly(styrene) iso-PS 86 [9], 80 [10], 96 [11]
Isotactic poly(propylene) iso-PP 63 [12], 260 [9], 234 [13], 183 [14], 65 [15], 147 [16], 188 [17], 138 [18]
Polyamide 6 PA6 188 [19], 155 [20]
Poly(ethylene terephthalate) PET 140 [21], 125 [22]
Poly(butylene terephthalate) PBT 145 [23], 141 [24]
Poly(L-lactic acid) PLLA 135 [25], 91 [26], 146 [27], 96 [28], 143 (α-crystals) [1], 107 (α’-crystals) [1],

= +H T T T J g( ) 20.9 0.74 0.0011 [ · ]m
0 2 1 for the α'-form and = +H T T T J g( ) 45.7 0.74 0.0011 [ · ]m

0 2 1 for the α-
form [1]

Poly(phenylene sulfide) PPS 80 [29], 146 [30], 112 [31]
Poly(ethylene 2,5-furandicarboxylate) PEF 137 [32], 140 [33], 185 [34]
Poly(butylene 2,5-furandicarboxylate) PBF 129 [35]
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experimental point of view, the RAF is distinguished from the MAF as it
does not contribute to the heat capacity change at the glass transition
[80,81]. Due to its highly constrained behavior, the “relaxation” of the
RAF requires more energy to be accomplished with respect to the re-
laxation of the MAF, therefore its contribution to the increase in the
heat capacity occurs at higher temperatures, contributing to a slight but
continuous change in the DSC baseline over the entire temperature
range of devitrification [58,79]. In general, the development of a sig-
nificant amount of RAF is associated to the growth of irregular crys-
talline domains [56,73,82,83] that are potentially subjected to crys-
talline reorganization. As a consequence, most of the time the error
made on the estimation of Hm

DSC is not only related to the devi-
trification of the RAF and the choice of a good baseline used to integrate
the melting peak, but also to the eventual reorganization (melting/re-
crystallization) of small and imperfect crystal boundaries [58]. In this
case, performing DSC measurements at conventional heating rates (up
to 20 K· min−1) exposes to the risk of introducing an additional source
of error in the estimation of Hm

DSC. FSC is the only experimental
technique able to reduce and eventually suppress any contribution due
to melting/recrystallization, as shown by Prof. Schick’s pioneer work
[53–55]. FSC measurements can only be performed if the size of the
samples is decreased to nanoscale, within a range of thickness 1-10 μm
[84]; Nassar et al. [75] recently observed that crystallizing nanoscale
samples in which the polymer thickness is reduced to a few nanometers
dramatically reduces the chances of developing RAF, even when the
temperature selected for isothermal crystallization does not necessarily
favor phase decoupling.
This work aims at (1) using FSC to estimate the equilibrium en-

thalpy of melting of several crystallizable polymers, such as poly
(ethylene terephthalate) (PET), poly(L-lactic acid) (PLLA), poly(phe-
nylene sulfide) (PPS), poly(ethylene 2,5-furandicarboxylate) (PEF) and
poly(butylene 2,5-furandicarboxylate) (PBF), and (2) discussing the
results in comparison with the literature and the most common method
that uses DSC cross-compared with XRD.

2. Materials and methods

2.1. Materials

Commercial grades of poly(ethylene terephthalate) (PET), poly(L-
lactic acid) (PLLA) and poly(phenylene sulfide) (PPS) were purchased
in the form of pellets, with the exception of PET that was purchased as a
film. Poly(ethylene 2,5-furandicarboxylate) (PEF) and poly(butylene
2,5-furandicarboxylate) (PBF) were synthesized in the laboratories of
the Wageningen Food and Biobased Research (FBR), The Netherlands.
PEF was synthesized according to the procedure reported in [2]. PBF
was obtained by melt polymerization of dimethyl-furan-dicarboxylic
acid (DMFDCA) with 1,4-butanediol using Ti(O-i-Pr)4 as a catalyst. The
synthesized polymer was subjected to solid-state post-condensation
(SSPC) and then used without further purification. All the samples were
dried prior to measurement: PET and PLLA were dried at Tg+10 °C for
at least 4 h, whereas PPS, PEF and PBF were stored in a desiccator with
P2O5 for at least 24 h. The list of samples used in this study is reported
in Table 2. Nanoscale samples were crystallized in situ on Fast Scanning
Calorimetry (FSC) sensors and subsequently characterized by FSC. Bulk

samples were crystallized in an oven and then characterized by wide-
angle X-Ray Diffractometry (XRD), Differential Scanning Calorimetry
(DSC), Modulated-Temperature DSC (MT-DSC) and FSC.

2.2. Fast Scanning Calorimetry (FSC)

FSC measurements were performed using a Flash-DSC 1 calorimeter
(Mettler-Toledo) equipped with a HUBER TC100 intracooler. Prior to
use, each MultiSTAR UFS 1 MEMS empty chip was conditioned and
corrected according to the manufacturer’s procedure. Temperature ca-
libration was performed according to the procedures reported in the
literature [85]. The dynamic thermal lag corresponds to half the dis-
tance between the glass transition temperatures measured at the same
heating and cooling rates; the static thermal lag corresponds to a third
of the distance between the onset melting temperatures of two indium
samples, one placed on top of the polymer sample and the other directly
placed on the reference [86]. The dynamic thermal lag ΔTD (which
depends on the selected heating and cooling rates) was measured at β+

= | β−|= 1000 K·s−1 and found to be less than 4 K. As for the static
thermal lag ΔTS (which mostly depends on the sample thickness), va-
lues less than 2 K were ensured by preparing samples with thickness of
10 ± 3 μm, as recommended by Toda et al. [84] to prevent thermal
gradients, and in agreement with the findings previously reported in the
literature for different polymers [87–89]. The thickness of the samples
was estimated from the determined mass, the literature value of den-
sity, and the area measured by optical microscopy, as previously done
by Toda et al. [84]. A constant nitrogen flow of 20 mL·min−1 was used
to purge the measurement cell. Prior to in situ crystallization, the
samples were quenched to their reference amorphous state by per-
forming five heating/cooling steps at a rate of 1000 K·s−1 over a tem-
perature range going from −60 °C to the melt in order to ensure that
any previous thermo-mechanical history was erased. The mass of the
FSC samples used for this study ranged between 27 and 251 ng. The
mass values were estimated using Eq. (2):

=m C J K C J g K[ · ]/ [ · · ]pam

FSC
pam

MT DSC1 1 1
(2)

Where C J K[ · ]p am

FSC 1 is the heat capacity step at the glass transition
estimated from FSC curves (β+=1000 K·s-1) and C J g K[ · · ]pam

MT DSC 1 1

is the heat capacity step at the glass transition obtained by a MT-DSC
scan of the quenched reference bulk samples (heating rate β+=2
K·min−1 ≈ 0.033 K·s−1).

2.3. Modulated-Temperature Differential Scanning Calorimetry (MT-DSC)

MT-DSC measurements were carried out on a DSC Q100 (TA
Instruments) using the Tzero technology. Temperature, energy and heat
capacity calibrations were performed with indium and sapphire stan-
dards. All the thermal treatments and characterizations were done
under a constant nitrogen flow of 50 mL· min-1 to prevent any oxidative
degradation of the samples. The mass of MT-DSC bulk samples ranged
between 5 and 10mg. The modulated-temperature heating ramps were
designed using a heat-only protocol, starting from−70 °C and reaching
a temperature that ensures the complete melting of each sample, with a
heating rate of 2 K·min−1, a modulating amplitude of ± 0.318 K and a
period of 60 s, as recommended in [90], to prevent reversible

Table 2

List of samples along with their number-average molecular weight (Mn

¯

), weight-average molecular weight (Mw

¯

), polydispersity index (M M/w n

¯ ¯

), grade and source.

Sample
Mn

¯

[g· mol-1] Mw

¯

[g· mol-1] M M/w n

¯ ¯ Grade, Source

PET 31 000 62 000 2.00 Carolex, France
PLLA 53 000 97 000 1.80 PLI005, Natureplast, France
PPS n.a. n.a. n.a. FORTRON 0214, Celanese, France
PEF 11 500 18 000 1.60 Wageningen FBR, The Netherlands
PBF 36 000 74 500 2.07 Wageningen FBR, The Netherlands
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crystallization during melting. MT-DSC was used to determine the heat
capacity step at the glass transition for the quenched bulk samples
C J g K[ · · ]pam

MT DSC 1 1 , which is further needed to estimate the mass of
FSC nanoscale samples according to Eq. (2).

2.4. Differential Scanning Calorimetry (DSC)

DSC measurements were made on a DSC TA2920 (TA Instruments).
Energy and temperature calibrations were carried out using an indium
standard. All the characterizations were done after ballistic cooling to
−20 °C, with a heating rate of 20 K·min−1 under a constant nitrogen
flow of 50 mL· min-1 to prevent any oxidative degradation of the sam-
ples. The mass of DSC bulk samples ranged between 5 and 10mg. DSC
was used to estimate the enthalpy of melting Hm of bulk samples to be
used in Eq. (1).

2.5. Wide-angle X-Ray Diffractometry (XRD)

XRD spectra were recorded at room temperature on (16mm x 16
mm) samples by a Bruker D8 X-ray diffractometer in the angular range
2 =5-40°, with a step of 0.05° and a counting time of 1 s/step, using a
Co Kα radiation (λ=2.29 Å). The patterns were obtained by sub-
tracting the background signal and averaging at least three spectra
recorded on the same spot of the sample. XRD patterns were then
exploited with different fitting methods (multi-peak fitting with
Gaussian or Pearson functions) by two different operators to have an
estimation of the uncertainties on the calculation of the apparent de-
gree of crystallinity Xc

XRD. This value was determined as a ratio of areas,
i.e. the area corresponding to the crystalline peaks divided by the total
area of the pattern (crystalline peaks plus amorphous halo), and used in
Eq. (1).

2.6. Sample preparation and thermal treatments

In order to create a microstructure with a reduced amount of RAF,
nanoscale samples were crystallized in situ on FSC sensors using se-
lected conditions of temperature and time.

2.6.1. Choice of the crystallization temperature Tc
The samples were melted, cooled down to a temperature within the

crystallization temperature range, held in isothermal conditions for a
constant crystallization time (60minutes), cooled down to−60 °C with
a cooling rate of 1000 K·s−1 (the same rate used for measurements), and
then heated again to observe the melting endotherm. This protocol was
repeated at progressively increasing temperatures (the increase was
done by steps of 5 °C) and the crystallization temperature Tc was se-
lected as the highest temperature at which the crystallization induction
time was shorter than the isothermal time (i.e. crystallization started
within a time ≤60minutes). The choice of 60minutes results from a
compromise between a reasonable crystallization time and a suffi-
ciently high crystallization temperature for crystal perfection.

2.6.2. Preparation of maximum crystallized nanoscale samples
A cycle of isothermal crystallizations was performed on each sample

at the selected temperature Tc for progressively increasing durations
until a microstructure was formed that showed no further increase in
the melting peak, i.e. until the crystallinity degree reached its max-
imum. The corresponding time was taken as tcmax.

2.6.3. Preparation of maximum crystallized bulk samples to be compared to
nanoscale samples
The results obtained by FSC on nanoscale samples were compared to

the results obtained by more conventional techniques (XRD, DSC and
MT-DSC), which require bigger samples. To this purpose, semi-crys-
talline bulk samples were also prepared by melting the polymer samples
between two Teflon sheets, then quickly transferring the assembly to an

oven previously set at the selected crystallization temperature Tc and
holding the isothermal conditions for a crystallization time at least
equal to tcmax. Maximum crystallized bulk samples were obtained by
holding the selected crystallization temperature Tc for a crystallization
time varying between 2 and 5 h. The fully amorphous counterparts
were obtained by melting the samples between two Teflon sheets, fol-
lowed by quenching in cold water.

2.7. Determination of the equilibrium enthalpy of melting (ΔHm
0)

Eq. (1) gives a good estimate of ΔHm0 only if the same micro-
structure can be obtained by two different techniques (e.g. DSC and
XRD) and the corresponding results (i.e. Hm

DSC and Xc
XRD) are available

for cross-comparison. With the value of ΔHm0, the degree of crystallinity
Xc of a semi-crystalline polymer can be determined by performing a
single DSC run and applying the following equation [91,92]:

=X H H/c m

DSC
m
0 (3)

Where Hm
DSC is the enthalpy of melting obtained by integration of the

melting endothermic peak. Cebe et al. [8] recently applied Eq. (1) to
FSC experiences and rewrote it as follows:

=H T J H T J g mass g X( )[ ] ( )[ · ]*( [ ]* )m
FSC

m m m c
0 1 (4)

With Xc obtained either by combining FSC results with information
found in the literature (i.e. the heat of fusion of 100% crystal at Tm and
the specific heat capacity at a given temperature, judiciously chosen)
[8] and/or by a different experimental technique (through independent
measurements performed on similarly treated samples – under the as-
sumption that uniform thermal treatment would result in uniform
crystallinity, whatever the size of the sample and the experimental
technique).
According to Eq. (4), the value of ΔHm0 can be determined if the

sample mass, degree of crystallinity and enthalpy of melting are known,
i.e. ΔHm0 can be directly deduced from the slope of a plot representing
the enthalpy of melting Hm

FSC as a function of mass g X( [ ]* )c . When the
conditions for a two-phase model are fulfilled, the degree of crystal-
linity Xc can be directly estimated from the ratio between the heat
capacity change at the glass transition of a crystallized sample ( Cpcryst)
and the value previously found for its fully amorphous counterpart
( Cpam) as follows:

=X C C1 ( / )c
ph

pcryst pam
2

(5)

If the works of Cebe et al. [8] (using FSC) and Pyda et al. [26,57]
(correlating the enthalpy of melting and the heat capacity change at the
glass transition in two-phase microstructures) are merged, Eqs. (1), (4)
and (5) can be combined as:

=

+

H T J g H T J g C J g K

C J g K H T J g

( )[ · ] ( ( )[ · ] / [ · · ] ) *

[ · · ] ( ) [ · ]

m
FSC

m m m pam

FSC

pcryst

FSC
m m

1 0 1 1 1

1 1 0 1

(6)

ΔHm
0 can therefore be calculated from the intercept of a plot re-

presenting the enthalpy of melting H T J g( )[ · ]m
FSC

m
1 versus the heat

capacity step at the glass transition C J g K[ · · ]pcryst

FSC 1 1 . Hm
FSC is ob-

tained by integrating the endothermic peak observed on the FSC curves
normalized to the sample mass (according to Eq. (2)) with a linear
baseline going from the end of the glass transition up to the melt.
Cpcryst

FSC is obtained by extrapolating the baselines of the FSC curves in
the glassy/solid state (T < Tg) and in the liquid state (T > Tg) through
the glass transition Tg (read as the midpoint of the heat capacity step),
and calculating the difference between

=
baseline |liquid

FSC
T Tg and

=
baseline |solid

FSC
T Tg. Values equivalent to a change in the heat capacity are

obtained from the values of heat flow [mW] by conversion to [J] and
normalization to the sample mass [g].
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3. Results and discussion

Fig. 1 shows the FSC curves recorded on nanoscale samples upon
heating at β+= 1000 K·s−1 after in situ isothermal crystallization from
the melt at the crystallization temperature Tc during different crystal-
lization times tc followed by cooling down to −60 °C at
β−=1000 K·s−1. Some of the samples investigated in this study are
known to be potentially subjected to the formation of a metastable
crystalline phase (PLLA [1,93], PEF [34,94] and PBF [95]). A special
care was given to the selection of Tc so that only the most stable crys-
talline phase was formed. In the case of PLLA, for instance, the crys-
tallization from the melt at temperatures higher than 130 °C leads to the
formation of α crystals (helical chain segments aligned in an

orthorhombic unit cell), whereas at temperatures lower than 100 °C the
formation of conformationally disordered α' crystals is observed [1].
The presence of metastable crystalline phases increases the risk of
crystalline reorganization, which in turn affects the calculation of the
enthalpy of melting. For this reason, PLLA samples were crystallized at
Tc=145 °C. For similar reasons, Tc was set at 175 °C in the case of PEF
and 135 °C in the case of PBF (whose thresholds between different
crystalline phases were found at 170 °C [94] and 130 °C [95], respec-
tively).
The first encouraging evidence is that in Fig. 1 all the samples show

a single and relatively sharp melting peak, excluding the possibility of a
melting/recrystallization process during heating, which would have
been typical of polymorphism or crystalline reorganization and is

Fig. 1. FSC curves recorded upon heating at β+=1000 K·s-1 on nanoscale samples of PET, PLLA, PPS, PEF and PBF after in situ isothermal crystallization from the
melt at the crystallization temperature Tc during different crystallization times tc.
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usually revealed by an exothermic signal partially or entirely over-
lapping the melting endotherm (as observed, for instance, in PLA
[96–99]). As the crystallization time increases, the intensity of the
melting endotherm increases. Since no cold crystallization occurs
during the heating ramp, the values of Hm

FSC obtained by integrating
the endothermic peaks in Fig. 1 can be reliably and exclusively asso-
ciated to the melting of the crystalline domains progressively created
during the previous isothermal treatments. For some polymers (e.g. for
PET and PPS), the maximum of the melting endotherm slightly shifts to
higher temperatures as the crystallization time increases, suggesting
that the crystallization progresses and the crystalline lamellae grow
thicker, in agreement with the Gibbs-Thomson equation [100].
One may also note that the baseline of the FSC curves in Fig. 1

slightly changes as the crystallinity of the samples increases. This de-
pendence is observed in the solid state (from the glassy state up to the
onset of melting) but never observed in the molten state, and is parti-
cularly visible when the sample mass is relatively large (e.g. for PLLA
and PPS). These changes may be due to some interfacial effects asso-
ciated with stress transfers between the polymer sample and the SiN
membrane of the sensor. Stress transfers could be the consequence of a
mismatch in the thermal conductivity of the polymer sample and the
SiN membrane of the sensor, but also to the shrinkage related to crys-
tallization. The second hypothesis is most likely because the shrinkage
of a polymer sample is expected to be proportional to the extent of
crystallization, proportional to the sample mass and only visible when
the sample is semi-crystalline (in the molten state the polymer is sup-
posed to relax). These effects are not due to a sample mass change,
because precautions were taken to make sure that the mass of polymer
in contact with the sensor remained constant during the whole ex-
perimental protocol.
XRD scans were recorded on maximum crystallized bulk samples to

confirm that the crystalline phases grown during the isothermal crys-
tallization at Tc are the most stable ones (Fig. 2), which is consistent
with the information previously reported in the literature about PLA
[1,93], PEF [34] and PBF [95]. The XRD patterns in Fig. 2 were also
used to estimate the apparent degree of crystallinity [101], a method
that requires a careful subtraction of the amorphous halo. In this work,
all the samples maximum crystallized in the bulk showed a complex
amorphous halo that required two Gaussian peaks for fitting. Huo et al.
[78] have already pointed out that the presence of RAF affects XRD
patterns; being part of the amorphous phase, the RAF is expected to be
included in the amorphous halo along with the MAF. The literature
reports that the amorphous halo of PET can be deconvoluted in two
Gaussian contributions [102]: the first one attributed to the interchain
distances perpendicular to the plans of aligned aromatic rings, the
second one attributed to the interchain distances within the plane of the
aligned aromatics rings. Similarly to PET, two Gaussian contributions
were used to deconvolute the amorphous halos of PLLA and PPS ac-
cording to information reported in the literature [103,104]. As for PEF
and PBF, two Gaussian contributions were also used, even if no in-
formation is reported in the literature.
Fig. 3 shows the values of the enthalpy of melting Hm

FSC plotted
against the values of the heat capacity step at the glass transition in the
semi-crystalline samples Cpcryst

FSC, both measured on the FSC curves
reported in Fig. 1.
According to its definition, ΔHm0 could be straightforwardly calcu-

lated with the datasets reported in Fig. 3, provided that the hypothesis
of a two-phase microstructure is verified. Indeed, the comparison be-
tween the values of Hm (with respect to its reference ΔHm0) and Cpcryst
(with respect to its reference Cpam) obtained from the same DSC curve
is generally used to discuss the pertinence of a two-phase model to
describe the microstructure of semi-crystalline polymers. Whenever a
discrepancy is revealed in the information provided by Hm (crystalline
fraction Xc calculated according to Eq. (3)) and Cpcryst (residual
amorphous fraction relaxing at the glass transition), a three-phase
model is adopted in the place of Eq. (5) and the RAF is introduced to

solve the discrepancy.

= + +X C C X1 ( / )c
ph

pcryst pam RAF
3

(7)

Nassar et al. [75] recently reported that growing crystals in a na-
noscale confined environment reduces the development of RAF, even
when the temperature conditions are supposed to favor the connections
between the crystalline domains and the surrounding amorphous phase.
The samples used in FSC experiments are intrinsically nanoscale (the
biggest weighs 250 ng), which may eventually help limiting the for-
mation of RAF for similar reasons, i.e. for a sort of finite-size effect.
With this being said, the choice of a two-phase model to determine the
degree of crystallinity using Eq. (5) applied to FSC curves sounds en-
couraging. Besides, the experimental conditions used in this study for
crystallization were designed to minimize the development of RAF, and
the fact that the baselines of the FSC curves in Fig. 1 look quite straight
in the temperature range between the glass transition and the melt,
suggests that a two-phase model could actually apply to all the semi-
crystalline microstructures obtained by in situ isothermal crystal-
lization on nanoscale samples. The literature reports that the amount of
RAF formed during the crystallization process typically decreases as the
size and thermal stability of the crystalline phase increases [61], and it
is well known that the size and thermal stability of the crystalline la-
mellae increases with the crystallization temperature [105]. The lit-
erature also reports that the development of RAF is typically associated
to an increase in the glass transition temperature (revealing a mobility
restriction of the RAF on the MAF) [106], as well as a modification of its
shape (due to a different distribution of the relaxation times, revealing a
stronger coupling between phases) [56]. These modifications of the
glass transition, especially when associated to the development of ir-
regular crystalline domains melting over an extended temperature
range, would make it impossible to distinguish the microstructural in-
formation conveyed by the heat capacity change as a function of tem-
perature (baseline) and the melting endotherm, respectively. None of
these modifications were observed in the FSC curves recorded for this
study.
When Eq. (6) is used to fit the data in Fig. 3, the linear regression

gives a slope that corresponds to H T J g C J g K( ) [ · ]/ [ · · ]m m pam

FSC0 1 1 1

and an intercept that directly provides the value of ΔHm0. The disper-
sion of the experimental values around the linear fit (grey hatched areas
in Fig. 3) corresponds to± 5 % uncertainty on the estimation of the
degree of crystallinity. If this uncertainty were introduced in the cal-
culation, the value of ΔHm0 would be affected by an uncertainty of± 10
J· g-1 (which is acceptable when compared to the error introduced by a
wrong estimation of the enthalpy of melting, e.g. in the case of crys-
talline reorganization during DSC measurement ramps at conventional
heating rates). Indeed, there are several possible sources of un-
certainties, and the scattering in the values of ΔHm0 found in the lit-
erature is quite explicit, as illustrated by the grey horizontal areas in
Fig. 3 covering all the values previously reported in Table 1. One of the
main sources of uncertainty in determining the equilibrium enthalpy of
melting by this method, is due to the fact that this is an extrapolative
method. It is quite difficult to obtain a polymer with a highly crystalline
microstructure for which the two-phase assumption can be assuredly
made. Most of the polymers investigated in this paper have a degree of
crystallinity that barely reaches 30%. For these polymers, the un-
certainty associated with the slope of the Hm vs Cp plots is much
relevant. This being said, the values of ΔHm0 obtained in this study fall
in the same range as the values previously reported in the literature by
several authors, as illustrated by the grey areas in Fig. 3. In the case of
PET, for instance, for which no substantial divergences are found in the
literature, the FSC protocol provides a value of 138 J· g-1, which is in
agreement with the value previously obtained by Wunderlich and An-
drosch (140 J· g-1) [21,61]. As a consequence, when it comes to rela-
tively new polymers for which no data are found in the literature, such
as PEF and PBF, one may assume that this method provides at least a
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preliminary estimation of ΔHm0 that is fairly reliable, yet debatable if
different values are successively found by other experimental techni-
ques. Table 3 summarizes the experimental conditions used for the in
situ isothermal crystallization performed on the FSC sensors, as well as
the main outcomes of the crystallization process measured by FSC on
the maximum crystallized nanoscale samples (exploitation of Fig. 1)
and the corresponding values of ΔHm0.
The experimental procedure proposed in this work can be compared

to the ones commonly found in the literature that are based on the
cross-comparison of two different techniques. PET is a good example to

illustrate the possible sources of uncertainty when different methods
are used to estimate ΔHm0. The XRD patterns recorded on maximum
crystallized bulk samples (Fig. 2) were used to calculate the apparent
degree of crystallinity XC max

XRD . The value obtained for PET is 37 ± 5%.
Ruland method (based on the conservation of the total scattered in-
tensity by a set of atoms, independent on their structural order) could
have been used to obtain the absolute degree of crystallinity [101], but
most of the works reported in the literature use the method based on
the ratio of areas. When Eq. (1) is used to cross-compare XC max

XRD with the
enthalpy of melting measured by conventional DSC, a value of 162 J· g-1

Fig. 2. XRD patterns recorded at room temperature on maximum crystallized bulk samples of PET, PLLA, PPS, PEF and PBF after isothermal crystallization from the
melt at the crystallization temperature Tc (solid lines). The raw data are in grey. The thick solid lines represent the fitting result. Thinner solid and dashed lines are
also reported to represent the crystalline and amorphous contributions to each pattern (multi-peak fitting with Gaussian functions). The amorphous halos were fitted
by two Gaussian peaks; the dashed lines represent the sum of the peaks used for fitting. In the case of PLLA, an inset with suitable rescaling is provided to better
visualize the amorphous halo.
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is obtained. When FSC results are used instead of DSC in Eq. (1), the
cross-comparison with XC max

XRD provides a value of 165 J·g-1. These values
are quite different with respect to the values found in the literature (140
J·g−1 [21], 125 J·g−1 [22], Table 1), independently on the technique
used to measure the enthalpy of melting. The value obtained by the FSC
method is much closer to the values of the literature (138 J· g-1).
Comparing different values of ΔHm0 is definitely a multifactor problem
that requires a deeper understanding of both the advantages and
drawbacks of the experimental procedures used to obtain them. The

differences may be acceptable or very large, depending on the nature of
the sample (some polymers crystallize faster, easier and more regularly
than other polymers, generating different amounts of RAF), on the
design of the experimental protocol used for crystallization (which in-
cludes the size of the sample and the crystallization conditions, i.e. the
crystallization temperature and time), as well as on the calculation
procedure. Since ΔHm0 is estimated by extrapolating the experimental
data (crystallinity degree Xc vs. enthalpy of melting H )m obtained on
samples with different crystallinity degrees, it is mandatory to ensure

Fig. 3. Enthalpy of melting vs. heat capacity change at the glass transition obtained from FSC curves normalized to the sample mass and the heating rate (Fig. 1) for
nanoscale samples of PET, PLLA, PPS, PEF and PBF crystallized in situ at the crystallization temperature Tc for different crystallization times tc. The linear regression
of the experimental data (solid lines) extrapolated to =X 100%c and =C 0p J·g-1· K-1 reveals the equilibrium enthalpy of melting ΔHm0 under the assumption of a
two-phase model. The grey hatched areas around the solid lines represent the uncertainty of± 5% on the estimation of the apparent degree of crystallinity. The grey
horizontal areas represent the domain covered by the values of ΔHm0 that can be found in the literature (Table 1) plus the values obtained in this work.
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the accuracy on the calculation of these quantities. In general, techni-
ques such as XRD and DSC are used to cross-compare the results ob-
tained on bulk samples crystallized in controlled conditions. Bulk
samples are subjected to bigger thermal gradients, resulting in less
controlled crystallization conditions and less regular microstructures.
Besides, using conventional DSC to determine the enthalpy of melting
of semi-crystalline polymers expands the level of uncertainty because of
crystalline reorganization that is sometimes observed during the
heating ramps, and that is hardly distinguished from the baseline drift
related to the devitrification of the RAF. Using FSC improves the ac-
curacy of measurement thanks to the extremely fast heating rates,
which exclude any possible crystalline reorganization and suppress the
effects eventually due to polymorphism. Last but not least, in suitable
and controlled crystallization conditions, FSC allows the concomitant
measurement of =X X1MAF c and Hm, considerably reducing the
uncertainties due to the cross-comparison of samples whose micro-
structures are not necessarily the same because of sampling hetero-
geneities. The main source of uncertainty for the FSC method proposed
here is related to the fact that ΔHm0 is estimated under the assumption
that a two-phase microstructure is obtained during the in situ crystal-
lization protocol. For this reason, an accurate selection of the crystal-
lization temperature Tc should be done with the purpose of growing
regular crystalline domains with reduced connections between phases,
i.e. with a negligible amount of RAF.
Among the samples shown in Fig. 1, PLLA and PPS are the ones with

the largest masses (∼250 ng). Sample mass and crystallization tem-
perature are two parameters that possibly affect the results of FSC
measurements and the following data treatment. However, it is quite
difficult to distinguish how these parameters respectively contribute to
the combined uncertainty on ΔHm0 because it is very hard to prepare
several FSC sensors with samples having exactly the same mass and
shape, and placed exactly in the same position on the membrane. Fig. 4
shows the results obtained on smaller samples of PLLA and PPS (58 ng
and 94 ng respectively) at higher crystallization temperatures (149 °C
and 243 °C respectively) with respect to Fig. 1.
The Hm vs Cp plots reveal that, for these polymers, the extra-

polated value of ΔHm0 is indeed quite dependent on the sample mass
and/or on the choice of Tc. Further studies are required to evaluate the
influence of these parameters. It should be reminded that all extra-
polative methods have intrinsic limitations that are sources of un-
certainties, and this is particularly true when the extrapolation is done
on a large range of values starting with few points unevenly distributed
(the case of PPS crystallized at 243 °C is a good example). From this
point of view, the extrapolation done on the basis of FSC measurements
is neither better nor worse than any other extrapolative method, but

provides values in agreement with the literature. Besides, there are
polymers (such as PET) that are quite insensitive to the choice of a
different crystallization temperature. The same PET sample was crys-
tallized at three different temperatures (190 °C, 200 °C, and 210 °C) and
the values of ΔHm0 obtained (141 J· g-1, 138 J· g-1 and 133 J· g-1 re-
spectively) are quite similar and in perfect agreement with the litera-
ture (140 J· g-1 [21] and 125 J· g-1 [22]) (Fig. 5).
Other samples may be more sensitive to the choice of Tc, especially

if they have peculiar crystallization features such as polymorphism.
PLLA, for instance, exhibits several types of crystal modifications (α, α′,
β, and γ phases) that are sometimes difficult to isolate, even if the
crystallization temperature is accurately selected. The Hm vs Cp plots
reported in Fig. 4 (bottom) suggest that PLLA is extremely sensitive to
the choice of Tc. Table 3 reported a value of = ±H 96 10m

0 J· g-1 for
PLLA crystallized at Tc=145 °C, but a much different value is obtained
for Tc=149 °C ( = ±H 134 10m

0 J· g-1). None of these values is in
disagreement with the literature, because Pyda et al. [26] and Kalish
et al. [28] reported values of 91 J· g-1 (at Tc =145 °C) and 96 J· g-1 (at
Tc =150 °C) respectively, whereas Miyata et al. [25] and Badrinar-
ayanan et al. [27] reported values of 135 J· g-1 and 146 J· g-1 respec-
tively; the most accurate approach seems to be the one proposed by
Righetti et al. [1], which suggests to take into account the temperature
dependence of ΔHm0.
These preliminary results indicate that polymers are not equally

sensitive to parameters such as the sample mass and the crystallization
temperature. As potential sources of uncertainty on the extrapolated
value of the equilibrium enthalpy of melting, these parameters defi-
nitely deserve further investigations. As a perspective, it would also be
interesting to measure the crystallinity degree by recording XRD
patterns directly on the FSC sensor, according to the technical
solutions proposed by Ivanov, Cavallo, Vlassak and their-coworkers
[85,99,107,108], who worked out some feasible solutions to combine
XRD with FSC.

4. Conclusions

This work shows that the equilibrium enthalpy of melting ΔHm0 can
be determined by fast scanning calorimetry (FSC), provided that sui-
table crystallization conditions are selected to reduce the connection
between phases. The metrological concept relies, as usual, on the
characterization of samples having microstructures with different de-
grees of crystallinity and the extrapolation of the experimental data to
the theoretical situation of a 100% crystalline polymer. Contrarily to
the methods commonly found in the literature, which are based on the
cross-comparison of different experimental techniques (such as XRD
and DSC) performed on different samples, this method is only calori-
metric and significantly reduces the uncertainties related to (1) thermal
gradients (FSC measurements are performed on nanoscale samples), (2)
polymorphism and/or crystalline reorganization (FSC ramps are re-
corded at very high heating rates), and (3) sample heterogeneities (all
the information required to calculate ΔHm0 is obtained from the same
curve, recorded on the same sample). This method applies to any
crystallizable polymer that is quenchable and for which a two-phase
microstructure with a negligible amount of rigid amorphous fraction
and reduced connections between phases is obtained under controlled
crystallization conditions. The protocol of isothermal crystallization is
performed in situ on nanoscale samples placed on the FSC sensor. The
optimization of the crystallization parameters (temperature and time)
should be preliminarily done according to the selected samples, espe-
cially for polymers that are subjected to polymorphism and/or parti-
cularly sensitive to the choice of the crystallization temperature. This
method was used to estimate the equilibrium enthalpy of melting ΔHm0

of well-known polymers, such as PET and PPS, as well as of more recent
biopolymers, such as PLLA, PEF and PBF.

Table 3
Crystallization temperature (Tc) and crystallization time (tcmax) selected to
reach the maximum crystallinity degree during in situ isothermal crystallization
aiming to reduce coupling between phases. Tg and Tm are the glass transition
temperature and the melting temperature of the maximum crystallized na-
noscale samples measured by FSC. The equilibrium enthalpy of melting ΔHm0

was obtained according to Eq. (6) based exclusively on FSC results. For com-
parison’s purposes, the crystallinities of maximum crystallized bulk and na-
noscale samples, which were obtained by XRD and FSC respectively, are also
reported (XC max

XRD and XC max

FSC ).

Sample Tc
[°C]

tc
max

[min]
Tg

[ ± 1 °C]
Tm

[ ± 1 °C]
ΔHm
0

[± 10 J· g−1]
XC max
XRD

[± 5%]
XC max
FSC

[± 5%]

PET 200 60 92 235 138 37 25
PLLA 145 45 68 196 96 82 67
PPS 235 240 108 279 102 39 27
PEF 175 45 96 210 109 52 52
PBF 135 120 51 169 92 33 30

C. Fosse, et al.



Acknowledgments

The authors thank the Région Normandie and the European FEDER
for their financial support through the SCAMPI project (Aurélie
Bourdet’s PhD program) and the FARM Rin Recherche project (Estève
Ernault’s post-doc position), as well as the French Ministère de
l’Enseignement Supérieur et de la Recherche for the financial support
for Clément Fosse’s PhD program. The authors also thank Dr Benoît
Vieille for providing PPS pellets.

References

[1] M.C. Righetti, M. Gazzano, M.L. Di Lorenzo, R. Androsch, Enthalpy of melting of
α′- and α-crystals of poly(l-lactic acid), Eur. Polym. J. 70 (2015) 215–220, https://
doi.org/10.1016/j.eurpolymj.2015.07.024.

[2] S. Thiyagarajan, W. Vogelzang, R.J.I. Knoop, A.E. Frissen, J. van Haverenab,
D.S. van Es, Biobased furandicarboxylic acids (FDCAs): effects of isomeric sub-
stitution on polyester synthesis and properties, Green Chem. 16 (2014)
1957–1966, https://doi.org/10.1039/c3gc42184h.

[3] A. Bourdet, A. Esposito, S. Thiyagarajan, L. Delbreilh, F. Affouard, R.J.I. Knoop,
E. Dargent, Molecular mobility in amorphous biobased poly(ethylene 2,5-fur-
andicarboxylate) and poly(ethylene 2,4-furandicarboxylate), Macromolecules 51
(2018) 1937–1945, https://doi.org/10.1021/acs.macromol.8b00108.

[4] R. Androsch, M. Soccio, N. Lotti, D. Cavallo, C. Schick, Cold-crystallization of poly
(butylene 2,6-naphthalate) following Ostwald’s rule of stages, Thermochim. Acta
670 (2018) 71–75, https://doi.org/10.1016/j.tca.2018.10.015.

[5] R. Chiang, P.J. Flory, Equilibrium between crystalline and amorphous phases in
polyethylene 1, J. Am. Chem. Soc. 83 (1961) 2857–2862, https://doi.org/10.
1021/ja01474a017.

[6] B. Wunderlich, C.M. Cormier, Heat of fusion of polyethylene. Journal of polymer
science part A-2, J. Polym. Sci.: Polym. Phys. Ed. 5 (1967) 987–988, https://doi.
org/10.1002/pol.1967.160050514.

[7] C.M.L. Atkinson, M.J. Richardson, Thermodynamic properties of ideally crystal-
line polyethylene, Trans. Faraday Soc. 65 (1969) 1764, https://doi.org/10.1039/
tf9696501764.

[8] P. Cebe, D. Thomas, J. Merfeld, B.P. Partlow, D.L. Kaplan, R.G. Alamo, A. Wurm,
E. Zhuravlev, C. Schick, Heat of fusion of polymer crystals by fast scanning ca-
lorimetry, Polymer 126 (2017) 240–247, https://doi.org/10.1016/j.polymer.
2017.08.042.

[9] F. Danusso, G. Gianotti, Fusion enthalpy and entropy of isotactic polypropylene,
Eur. Polym. J. 4 (1968) 165–171, https://doi.org/10.1016/0014-3057(68)
90018-9.

[10] R. Dedeurwaerder, J.F.M. Oth, Enthalpie et entropie de fusion du polystyrolène
isotactique, J. Chim. Phys. 56 (1959) 940–945, https://doi.org/10.1051/jcp/
1959560940.

[11] I. Abu-Isa, M. Dole, Specific heat of synthetic high polymers. XII. Atactic and
isotactic polystyrene 1, J. Phys. Chem. 69 (1965) 2668–2675, https://doi.org/10.
1021/j100892a031.

[12] G. Gee, LondonProceedings of the Chemical Society1957, Proceedings of the
Chemical Society (1957) 111.

[13] J.R. Schaefgen, Estimation of the heat and entropy of fusion of some poly-
hydrocarbons, J. Polym. Sci. 38 (1959) 549–552, https://doi.org/10.1002/pol.
1959.1203813427.

[14] S. Newman, On the characterization of stereoregular polymers. II. Polypropylene,
J. Polym. Sci. 47 (1960) 111–137, https://doi.org/10.1002/pol.1960.
1204714911.

Fig. 4. (top) FSC curves recorded upon heating
at β+=1000 K·s-1 on nanoscale samples of
PLLA and PPS after in situ isothermal crystal-
lization from the melt at two different crystal-
lization temperatures (145 °C and 149 °C for
PLLA, 235 °C and 243 °C for PPS) during dif-
ferent crystallization times. Smaller samples
were used with respect to Fig. 1 (58 ng vs.
250 ng for PLLA, 94 ng vs. 251 ng for PPS).
(bottom) Enthalpy of melting vs. heat capacity
change at the glass transition obtained from
the FSC curves normalized to the sample mass
and to the heating rate. The linear regression
(solid lines) of the experimental data (crosses)
extrapolated to =X 100%c and =C 0p J· g-
1· K-1 reveals the equilibrium enthalpy of
melting ΔHm0 under the assumption of a two-
phase model. The grey horizontal areas re-
present the domain covered by the values of
ΔHm
0 that can be found in the literature

(Table 1) plus the values obtained in this work.

Fig. 5. Extrapolation based on the FSC measurements on a nanoscale sample of
PET (92 ng) isothermally crystallized from the melt at three different crystal-
lization temperatures (190 °C, 200 °C and 210 °C) during different crystal-
lization times. The linear regression (solid lines) of the experimental data
(crosses) extrapolated to =X 100%c and =C 0p J· g-1· K-1 provides a values of

= ±H 137 4m
0 J· g-1. The grey horizontal area represents the domain covered

by the values of ΔHm0 found in the literature (Table 1) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

C. Fosse, et al.

https://doi.org/10.1016/j.eurpolymj.2015.07.024
https://doi.org/10.1016/j.eurpolymj.2015.07.024
https://doi.org/10.1039/c3gc42184h
https://doi.org/10.1021/acs.macromol.8b00108
https://doi.org/10.1016/j.tca.2018.10.015
https://doi.org/10.1021/ja01474a017
https://doi.org/10.1021/ja01474a017
https://doi.org/10.1002/pol.1967.160050514
https://doi.org/10.1002/pol.1967.160050514
https://doi.org/10.1039/tf9696501764
https://doi.org/10.1039/tf9696501764
https://doi.org/10.1016/j.polymer.2017.08.042
https://doi.org/10.1016/j.polymer.2017.08.042
https://doi.org/10.1016/0014-3057(68)90018-9
https://doi.org/10.1016/0014-3057(68)90018-9
https://doi.org/10.1051/jcp/1959560940
https://doi.org/10.1051/jcp/1959560940
https://doi.org/10.1021/j100892a031
https://doi.org/10.1021/j100892a031
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0060
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0060
https://doi.org/10.1002/pol.1959.1203813427
https://doi.org/10.1002/pol.1959.1203813427
https://doi.org/10.1002/pol.1960.1204714911
https://doi.org/10.1002/pol.1960.1204714911


[15] B. Ke, Characterization of polyolefins by differential thermal analysis, J. Polym.
Sci. 42 (1960) 15–23, https://doi.org/10.1002/pol.1960.1204213903.

[16] R.W. Wilkinson, M. Dole, Specific heat of synthetic high polymers. X. Isotactic and
atactic polypropylene, J. Polym. Sci. 58 (1962) 1089–1106, https://doi.org/10.
1002/pol.1962.1205816668.

[17] E. Passaglia, H.K. Kevorkian, Specific heat of atactic and isotactic polypropylene
and the entropy of the glass, J. Appl. Phys. 34 (1963) 90–97, https://doi.org/10.
1063/1.1729095.

[18] J.G. Fatou, Melting temperature and enthalpy of isotactic polypropylene, Eur.
Polym. J. 7 (1971) 1057–1064, https://doi.org/10.1016/0014-3057(71)90138-8.

[19] P. Marx, C.W. Smith, A.E. Worthington, M. Dole, Specific heat of synthetic high
polymers. IV. Polycaprolactam, J. Phys. Chem. 59 (1955) 1015–1019, https://doi.
org/10.1021/j150532a005.

[20] S. Gogolewski, A. Pennings, Crystallization of polyamides under elevated pressure:
2. Pressure-induced crystallization of nylon-6 (polycapramide) from the melt,
Polymer 16 (1975) 673–679, https://doi.org/10.1016/0032-3861(75)90075-0.

[21] M. Pyda , ATHAS Data Bank 2019.
[22] H.F. Mark, et al. (Ed.), Encyclopedia of Polymer Science and Engineering, vol. 12,
John Wiley and Sons, New York, 1985p. 226.

[23] A. Conix, R. Van Kerpel, Crystallization behavior and melting properties of m-
phenylene group containing polyesters, J. Polym. Sci. 40 (1959) 521–532, https://
doi.org/10.1002/pol.1959.1204013720.

[24] K.-H. Illers, Heat of fusion and specific volume of poly(ethylene terephthalate) and
poly(butylene terephthalate, Colloid Polym. Sci. 258 (1980) 117–124, https://doi.
org/10.1007/BF01498267.

[25] T. Miyata, T. Masuko, Crystallization behaviour of poly(l-lactide), Polymer 39
(1998) 5515–5521, https://doi.org/10.1016/S0032-3861(97)10203-8.

[26] M. Pyda, R. Bopp, B. Wunderlich, Heat capacity of poly(lactic acid), J. Chem.
Thermodyn. 36 (2004) 731–742, https://doi.org/10.1016/j.jct.2004.05.003.

[27] P. Badrinarayanan, K.B. Dowdy, M.R. Kessler, A comparison of crystallization
behavior for melt and cold crystallized poly (l-Lactide) using rapid scanning rate
calorimetry, Polymer 51 (2010) 4611–4618, https://doi.org/10.1016/j.polymer.
2010.08.014.

[28] J.P. Kalish, K. Aou, X. Yang, S.L. Hsu, Spectroscopic and thermal analyses of α′ and
α crystalline forms of poly(L-lactic acid), Polymer 52 (2011) 814–821, https://doi.
org/10.1016/j.polymer.2010.12.042.

[29] S.Z.D. Cheng, Z.Q. Wu, B. Wunderlich, Glass transition and melting behavior of
poly(thio-1,4-phenylene), Macromolecules 20 (1987) 2802–2810, https://doi.org/
10.1021/ma00177a028.

[30] E. Maemura, M. Cakmak, J.L. White, Characterization of crystallinity and or-
ientation in Poly-p-Phenylene sulfide, Int. Polym. Process. 3 (1988) 79–85,
https://doi.org/10.3139/217.880079.

[31] P. Huo, P. Cebe, Effects of thermal history on the rigid amorphous phase in poly
(phenylene sulfide), Colloid Polym. Sci. 270 (1992) 840–852, https://doi.org/10.
1007/BF00657728.

[32] G.Z. Papageorgiou, V. Tsanaktsis, D.N. Bikiaris, Synthesis of poly(ethylene fur-
andicarboxylate) polyester using monomers derived from renewable resources:
thermal behavior comparison with PET and PEN, Phys. Chem. Chem. Phys. 16
(2014) 7946–7958, https://doi.org/10.1039/C4CP00518J.

[33] G. Stoclet, G. Gobius du Sart, B. Yeniad, S. de Vos, J.M. Lefebvre, Isothermal
crystallization and structural characterization of poly(ethylene-2,5-furanoate),
Polymer 72 (2015) 165–176, https://doi.org/10.1016/j.polymer.2015.07.014.

[34] J.G. van Berkel, N. Guigo, J.J. Kolstad, L. Sipos, B. Wang, M.A. Dam,
N. Sbirrazzuoli, Isothermal Crystallization Kinetics of Poly (Ethylene 2,5-
Furandicarboxylate): Isothermal Crystallization Kinetics of Poly (Ethylene 2,5-
Furandicarboxylate), Macromol. Mater. Eng. 300 (2015) 466–474, https://doi.
org/10.1002/mame.201400376.

[35] G.Z. Papageorgiou, V. Tsanaktsis, D.G. Papageorgiou, S. Exarhopoulos,
M. Papageorgiou, D.N. Bikiaris, Evaluation of polyesters from renewable resources
as alternatives to the current fossil-based polymers. Phase transitions of poly(bu-
tylene 2,5-furan-dicarboxylate), Polymer 55 (2014) 3846–3858, https://doi.org/
10.1016/j.polymer.2014.06.025.

[36] E.W. Fischer, H.J. Sterzel, G. Wegner, Investigation of the structure of solution
grown crystals of lactide copolymers by means of chemical reactions, Colloid
Polym. Sci. 251 (11) (1973) 980–990, https://doi.org/10.1007/BF01498927.

[37] T. Okada, L. Mandelkern, Effect of morphology and degree of crystallinity on the
infrared absorption spectra of linear polyethylene, J. Polym. Sci. Part A-2 Polym.
Phys. 5 (1967) 239–262, https://doi.org/10.1002/pol.1967.160050201.

[38] X. Hu, D. Kaplan, P. Cebe, Determining beta-sheet crystallinity in fibrous proteins
by thermal analysis and infrared spectroscopy, Macromolecules. 39 (2006)
6161–6170, https://doi.org/10.1021/ma0610109.

[39] C.E. Miller, B.E. Eichinger, Determination of crystallinity and morphology of fi-
brous and bulk poly(ethylene terephthalate) by near-infrared diffuse reflectance
spectroscopy, Appl. Spectrosc. 44 (1990) 496–504, https://doi.org/10.1366/
0003702904086173.

[40] S.-F. Yao, X.-T. Chen, H.-M. Ye, Investigation of structure and crystallization be-
havior of poly(butylene succinate) by Fourier transform infrared spectroscopy, J.
Phys. Chem. B 121 (2017) 9476–9485, https://doi.org/10.1021/acs.jpcb.
7b07954.

[41] B.H. Stuart, Polymer crystallinity studied using Raman spectroscopy, Vib.
Spectrosc. 10 (1996) 79–87, https://doi.org/10.1016/0924-2031(95)00042-9.

[42] A. Nielsen, D. Batchelder, R. Pyrz, Estimation of crystallinity of isotactic poly-
propylene using Raman spectroscopy, Polymer 43 (2002) 2671–2676, https://doi.
org/10.1016/S0032-3861(02)00053-8.

[43] F. Rull, A.C. Prieto, J.M. Casado, F. Sobron, H.G.M. Edwards, Estimation of crys-
tallinity in polyethylene by Raman spectroscopy, J. Raman Spectrosc. 24 (1993)

545–550, https://doi.org/10.1002/jrs.1250240813.
[44] L.S. Taylor, G. Zografi, The quantitative analysis of crystallinity using FT-Raman
spectroscopy, Pharm. Res. 15 (5) (1998) 755–761, https://doi.org/10.1023/
A:1011979221685.

[45] G.R. Strobl, W. Hagedorn, Raman spectroscopic method for determining the
crystallinity of polyethylene, J. Polym. Sci.: Polym. Phys. Ed. 16 (1978)
1181–1193, https://doi.org/10.1002/pol.1978.180160704.

[46] K. Schenzel, S. Fischer, E. Brendler, New method for determining the degree of
cellulose I crystallinity by means of FT raman spectroscopy, Cellulose 12 (2005)
223–231, https://doi.org/10.1007/s10570-004-3885-6.

[47] P. Cebe, X. Hu, D.L. Kaplan, E. Zhuravlev, A. Wurm, D. Arbeiter, C. Schick, Beating
the heat - fast scanning melts silk Beta sheet crystals, Sci. Rep. 3 (2013) 1130,
https://doi.org/10.1038/srep01130.

[48] Y. Corvis, A. Wurm, C. Schick, P. Espeau, Vitreous state characterization of
pharmaceutical compounds degrading upon melting by using fast scanning ca-
lorimetry, J. Phys. Chem. B 119 (2015) 6848–6851, https://doi.org/10.1021/acs.
jpcb.5b03041.

[49] J.A.S. Puente, A. Esposito, F. Chivrac, E. Dargent, Effects of size and specific
surface area of boron nitride particles on the crystallization of bacterial poly(3-
hydroxybutyrate- co -3-hydroxyvalerate), Macromol. Symp. 328 (2013) 8–19,
https://doi.org/10.1002/masy.201350601.

[50] J.A.S. Puente, A. Esposito, F. Chivrac, E. Dargent, Effect of boron nitride as a
nucleating agent on the crystallization of bacterial poly(3-hydroxybutyrate), J.
Appl. Polym. Sci. 128 (2013) 2586–2594, https://doi.org/10.1002/app.38182.

[51] Y. Kong, J.N. Hay, The measurement of the crystallinity of polymers by DSC,
Polymer 43 (2002) 3873–3878, https://doi.org/10.1016/S0032-3861(02)
00235-5.

[52] A. Toda, R. Androsch, C. Schick, Insights into polymer crystallization and melting
from fast scanning chip calorimetry, Polymer 91 (2016) 239–263, https://doi.org/
10.1016/j.polymer.2016.03.038.

[53] A.A. Minakov, D.A. Mordvintsev, C. Schick, Melting and reorganization of poly
(ethylene terephthalate) on fast heating (1000 K/s), Polymer 45 (2004)
3755–3763, https://doi.org/10.1016/j.polymer.2004.03.072.

[54] S. Adamovsky, A. Minakov, C. Schick, Scanning microcalorimetry at high cooling
rate, Thermochim. Acta 403 (2003) 55–63, https://doi.org/10.1016/S0040-
6031(03)00182-5.

[55] F. De Santis, S. Adamovsky, G. Titomanlio, C. Schick, Scanning nanocalorimetry at
high cooling rate of isotactic polypropylene, Macromolecules 39 (2006)
2562–2567, https://doi.org/10.1021/ma052525n.

[56] A. Esposito, N. Delpouve, V. Causin, A. Dhotel, L. Delbreilh, E. Dargent, From a
three-phase model to a continuous description of molecular mobility in
Semicrystalline Poly(hydroxybutyrate-co-hydroxyvalerate), Macromolecules 49
(2016) 4850–4861, https://doi.org/10.1021/acs.macromol.6b00384.

[57] M. Pyda, A. Boller, J. Grebowicz, H. Chuah, B.V. Lebedev, B. Wunderlich, Heat
capacity of poly(trimethylene terephthalate), J. Polym. Sci. Part B: Polym. Phys.
36 (1998) 2499–2511, https://doi.org/10.1002/(SICI)1099-0488(199810)
36:14<2499::AID-POLB4>3.0.CO;2-O.

[58] B. Wunderlich, Reversible crystallization and the rigid amorphous phase in
semicrystalline macromolecules, Prog. Polym. Sci. 28 (2003) 383–450, https://
doi.org/10.1016/S0079-6700(02)00085-0.

[59] H. Chen, P. Cebe, Vitrification and devitrification of rigid amorphous fraction of
PET during quasi-isothermal cooling and heating, Macromolecules 42 (2009)
288–292, https://doi.org/10.1021/ma802104a.

[60] B. Wunderlich, A. Mehta, Macromolecular nucleation, J. Polym. Sci.: Polym. Phys.
Ed. 12 (1974) 255–263, https://doi.org/10.1002/pol.1974.180120203.

[61] R. Androsch, B. Wunderlich, The link between rigid amorphous fraction and
crystal perfection in cold-crystallized poly(ethylene terephthalate), Polymer 46
(2005) 12556–12566, https://doi.org/10.1016/j.polymer.2005.10.099.

[62] M. Arnoult, E. Dargent, J.F. Mano, Mobile amorphous phase fragility in semi-
crystalline polymers: comparison of PET and PLLA, Polymer 48 (2007)
1012–1019, https://doi.org/10.1016/j.polymer.2006.12.053.

[63] C. Schick, A. Wurm, A. Mohammed, Formation and disappearance of the rigid
amorphous fraction in semicrystalline polymers revealed from frequency depen-
dent heat capacity, Thermochim. Acta 396 (2003) 119–132, https://doi.org/10.
1016/S0040-6031(02)00526-9.

[64] M.C. Righetti, E. Tombari, M. Angiuli, M.L.D. Lorenzo, Enthalpy-based determi-
nation of crystalline, mobile amorphous and rigid amorphous fractions in semi-
crystalline polymers, Thermochim. Acta 462 (2007) 15–24, https://doi.org/10.
1016/j.tca.2007.06.003.

[65] A. Guinault, C. Sollogoub, V. Ducruet, S. Domenek, Impact of crystallinity of poly
(lactide) on helium and oxygen barrier properties, Eur. Polym. J. 48 (2012)
779–788, https://doi.org/10.1016/j.eurpolymj.2012.01.014.

[66] T.L. Nguyen, F. Bédoui, P.-E. Mazeran, M. Guigon, Mechanical investigation of
confined amorphous phase in semicrystalline polymers: case of PET and PLA,
Polym. Eng. Sci. 55 (2015) 397–405, https://doi.org/10.1002/pen.23896.

[67] S. Martín, M.T. Expósito, J.F. Vega, J. Martínez-Salazar, Microstructure and
properties of branched polyethylene: Application of a three-phase structural
model, J. Appl. Polym. Sci. 128 (2013) 1871–1878, https://doi.org/10.1002/app.
38290.

[68] B.G. Olson, J. Lin, S. Nazarenko, A.M. Jamieson, Positron annihilation lifetime
spectroscopy of poly(ethylene terephthalate): contributions from rigid and mobile
amorphous fractions, Macromolecules 36 (2003) 7618–7623, https://doi.org/10.
1021/ma034813u.

[69] M. Drieskens, R. Peeters, J. Mullens, D. Franco, P.J. Lemstra, D.G. Hristova-
Bogaerds, Structure versus properties relationship of poly(lactic acid). I. Effect of
crystallinity on barrier properties, J. Polym. Sci. Part B: Polym. Phys. 47 (2009)

C. Fosse, et al.

https://doi.org/10.1002/pol.1960.1204213903
https://doi.org/10.1002/pol.1962.1205816668
https://doi.org/10.1002/pol.1962.1205816668
https://doi.org/10.1063/1.1729095
https://doi.org/10.1063/1.1729095
https://doi.org/10.1016/0014-3057(71)90138-8
https://doi.org/10.1021/j150532a005
https://doi.org/10.1021/j150532a005
https://doi.org/10.1016/0032-3861(75)90075-0
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0110
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0110
https://doi.org/10.1002/pol.1959.1204013720
https://doi.org/10.1002/pol.1959.1204013720
https://doi.org/10.1007/BF01498267
https://doi.org/10.1007/BF01498267
https://doi.org/10.1016/S0032-3861(97)10203-8
https://doi.org/10.1016/j.jct.2004.05.003
https://doi.org/10.1016/j.polymer.2010.08.014
https://doi.org/10.1016/j.polymer.2010.08.014
https://doi.org/10.1016/j.polymer.2010.12.042
https://doi.org/10.1016/j.polymer.2010.12.042
https://doi.org/10.1021/ma00177a028
https://doi.org/10.1021/ma00177a028
https://doi.org/10.3139/217.880079
https://doi.org/10.1007/BF00657728
https://doi.org/10.1007/BF00657728
https://doi.org/10.1039/C4CP00518J
https://doi.org/10.1016/j.polymer.2015.07.014
https://doi.org/10.1002/mame.201400376
https://doi.org/10.1002/mame.201400376
https://doi.org/10.1016/j.polymer.2014.06.025
https://doi.org/10.1016/j.polymer.2014.06.025
https://doi.org/10.1007/BF01498927
https://doi.org/10.1002/pol.1967.160050201
https://doi.org/10.1021/ma0610109
https://doi.org/10.1366/0003702904086173
https://doi.org/10.1366/0003702904086173
https://doi.org/10.1021/acs.jpcb.7b07954
https://doi.org/10.1021/acs.jpcb.7b07954
https://doi.org/10.1016/0924-2031(95)00042-9
https://doi.org/10.1016/S0032-3861(02)00053-8
https://doi.org/10.1016/S0032-3861(02)00053-8
https://doi.org/10.1002/jrs.1250240813
https://doi.org/10.1023/A:1011979221685
https://doi.org/10.1023/A:1011979221685
https://doi.org/10.1002/pol.1978.180160704
https://doi.org/10.1007/s10570-004-3885-6
https://doi.org/10.1038/srep01130
https://doi.org/10.1021/acs.jpcb.5b03041
https://doi.org/10.1021/acs.jpcb.5b03041
https://doi.org/10.1002/masy.201350601
https://doi.org/10.1002/app.38182
https://doi.org/10.1016/S0032-3861(02)00235-5
https://doi.org/10.1016/S0032-3861(02)00235-5
https://doi.org/10.1016/j.polymer.2016.03.038
https://doi.org/10.1016/j.polymer.2016.03.038
https://doi.org/10.1016/j.polymer.2004.03.072
https://doi.org/10.1016/S0040-6031(03)00182-5
https://doi.org/10.1016/S0040-6031(03)00182-5
https://doi.org/10.1021/ma052525n
https://doi.org/10.1021/acs.macromol.6b00384
https://doi.org/10.1016/S0079-6700(02)00085-0
https://doi.org/10.1016/S0079-6700(02)00085-0
https://doi.org/10.1021/ma802104a
https://doi.org/10.1002/pol.1974.180120203
https://doi.org/10.1016/j.polymer.2005.10.099
https://doi.org/10.1016/j.polymer.2006.12.053
https://doi.org/10.1016/S0040-6031(02)00526-9
https://doi.org/10.1016/S0040-6031(02)00526-9
https://doi.org/10.1016/j.tca.2007.06.003
https://doi.org/10.1016/j.tca.2007.06.003
https://doi.org/10.1016/j.eurpolymj.2012.01.014
https://doi.org/10.1002/pen.23896
https://doi.org/10.1002/app.38290
https://doi.org/10.1002/app.38290
https://doi.org/10.1021/ma034813u
https://doi.org/10.1021/ma034813u


2247–2258, https://doi.org/10.1002/polb.21822.
[70] I. Kolesov, R. Androsch, The rigid amorphous fraction of cold-crystallized poly-
amide 6, Polymer 53 (2012) 4770–4777, https://doi.org/10.1016/j.polymer.
2012.08.017.

[71] S. Fernandes Nassar, A. Guinault, N. Delpouve, V. Divry, V. Ducruet, C. Sollogoub,
S. Domenek, Multi-scale analysis of the impact of polylactide morphology on gas
barrier properties, Polymer 108 (2017) 163–172, https://doi.org/10.1016/j.
polymer.2016.11.047.

[72] C. Schick, A. Wurm, A. Mohamed, Vitrification and devitrification of the rigid
amorphous fraction of semicrystalline polymers revealed from frequency-depen-
dent heat capacity, Colloid Polym. Sci. 279 (2001) 800–806, https://doi.org/10.
1007/s003960100507.

[73] M.C. Righetti, D. Prevosto, E. Tombari, Time and temperature evolution of the
rigid amorphous fraction and differently constrained amorphous fractions in
PLLA, Macromol. Chem. Phys. 217 (2016) 2013–2026, https://doi.org/10.1002/
macp.201600210.

[74] M.C. Righetti, E. Tombari, Crystalline, mobile amorphous and rigid amorphous
fractions in poly(L-lactic acid) by TMDSC, Thermochim. Acta 522 (2011)
118–127, https://doi.org/10.1016/j.tca.2010.12.024.

[75] S.F. Nassar, S. Domenek, A. Guinault, G. Stoclet, N. Delpouve, C. Sollogoub,
Structural and dynamic heterogeneity in the amorphous phase of poly(L,L-lactide)
confined at the nanoscale by the coextrusion process, Macromolecules 51 (2018)
128–136, https://doi.org/10.1021/acs.macromol.7b02188.

[76] F. Hamonic, V. Miri, A. Saiter, E. Dargent, Rigid amorphous fraction versus or-
iented amorphous fraction in uniaxially drawn polyesters, Eur. Polym. J. 58
(2014) 233–244, https://doi.org/10.1016/j.eurpolymj.2014.06.014.

[77] D.F. Miranda, C. Yin, S. Zhang, J. Runt, Fluoropolymer microstructure and dy-
namics: influence of molecular orientation induced by uniaxial drawing, Polymer
91 (2016) 211–221, https://doi.org/10.1016/j.polymer.2016.03.057.

[78] P. Huo, P. Cebe, Effects of thermal history on the rigid amorphous phase in poly
(phenylene sulfide), Colloid Polym. Sci. 270 (1992) 840–8852, https://doi.org/10.
1007/BF0065772 8.

[79] A.A. Minakov, A. Wurm, C. Schick, Superheating in linear polymers studied by
ultrafast nanocalorimetry, Eur. Phys. J. E. 23 (2007) 43–53, https://doi.org/10.
1140/epje/i2007-10173-8.

[80] J. Menczel, B. Wunderlich, Heat capacity hysteresis of semicrystalline macro-
molecular glasses, J. Polym. Sci. Polym. Lett. Ed. 19 (1981) 261–264, https://doi.
org/10.1002/pol.1981.130190506.

[81] Q. Ma, G. Georgiev, P. Cebe, Constraints in semicrystalline polymers: using quasi-
isothermal analysis to investigate the mechanisms of formation and loss of the
rigid amorphous fraction, Polymer. 52 (2011) 4562–4570, https://doi.org/10.
1016/j.polymer.2011.08.006.

[82] M. Kanchanasopa, E. Manias, J. Runt, Solid-state microstructure of poly(L-lactide)
and L-Lactide/meso-Lactide random copolymers by atomic force microscopy
(AFM), Biomacromolecules 4 (2003) 1203–1213, https://doi.org/10.1021/
bm034063w.

[83] C. Santa Cruz, N. Stribeck, H.G. Zachmann, F.J. Baltá Calleja, Novel aspects in the
structure of polyethylene terephthalate) As revealed by means of small-angle X-ray
scattering, Macromolecules 24 (1991) 5980–5990, https://doi.org/10.1021/
ma00022a013.

[84] A. Toda, M. Konishi, An evaluation of thermal lags of fast-scan microchip DSC with
polymer film samples, Thermochim. Acta 589 (2014) 262–269, https://doi.org/
10.1016/j.tca.2014.05.038.

[85] C. Schick, V. Mathot (Eds.), Fast Scanning Calorimetry, Springer International
Publishing, Rostock, Germany, 2016, , https://doi.org/10.1007/978-3-319-
31329-0.

[86] J.E.K. Schawe, Measurement of the thermal glass transition of polystyrene in a
cooling rate range of more than six decades, Thermochim. Acta 603 (2015)
128–134, https://doi.org/10.1016/j.tca.2014.05.025.

[87] J.E.K. Schawe, Description of thermal relaxation of polystyrene close to the
thermal glass transition, J. Polym. Sci. Part B: Polym. Phys. 36 (1998) 2165–2175,
https://doi.org/10.1002/(SICI)1099-0488(19980915)36:12<2165::AID-
POLB14>3.0.CO;2-Y.

[88] A. Dhotel, B. Rijal, L. Delbreilh, E. Dargent, A. Saiter, Combining Flash DSC, DSC
and broadband dielectric spectroscopy to determine fragility, J. Therm. Anal.
Calorim. 121 (2015) 453–461, https://doi.org/10.1007/s10973-015-4650-9.

[89] X. Monnier, A. Saiter, E. Dargent, Vitrification of PLA by fast scanning calorimetry:

Towards unique glass above critical cooling rate? Thermochim. Acta 658 (2017)
47–54, https://doi.org/10.1016/j.tca.2017.10.019.

[90] A.A. Lacey, D.M. Price, M. Reading, Theory and practice of modulated tempera-
ture differential scanning calorimetry, Modulated Temperature Differential
Scanning Calorimetry, Springer, 2006, pp. 1–81.

[91] V.B.F. Mathot, Temperature dependence of some thermodynamic functions for
amorphous and semi-crystalline polymers, Polymer 25 (1984) 579–599, https://
doi.org/10.1016/0032-3861(84)90025-9.

[92] V.B.F. Mathot, Thermal characterization of states of matter, in: V.B.F. Mathot
(Ed.), Calorimetry and Thermal Analysis of Polymers, Hanser/Gardner
Publications, Cincinnati, OH USA, 1994.

[93] J. Zhang, Y. Duan, H. Sato, H. Tsuji, I. Noda, S. Yan, Y. Ozaki, Crystal modifica-
tions and thermal behavior of poly(L-lactic acid) revealed by infrared spectro-
scopy, Macromolecules 38 (2005) 8012–8021, https://doi.org/10.1021/
ma051232r.

[94] L. Martino, N. Guigo, J.G. van Berkel, J.J. Kolstad, N. Sbirrazzuoli, Nucleation and
self-nucleation of bio-based poly(ethylene 2,5-furandicarboxylate) probed by fast
scanning calorimetry, Macromol. Mater. Eng. 301 (2016) 586–596, https://doi.
org/10.1002/mame.201500418.

[95] J. Ma, X. Yu, J. Xu, Y. Pang, Synthesis and crystallinity of poly(butylene 2,5-fur-
andicarboxylate), Polymer 53 (2012) 4145–4151, https://doi.org/10.1016/j.
polymer.2012.07.022.

[96] M.L. Di Lorenzo, Calorimetric analysis of the multiple melting behavior of poly(L-
lactic acid), J. Appl. Polym. Sci. 100 (2006) 3145–3151, https://doi.org/10.1002/
app.23136.

[97] P. Pan, W. Kai, B. Zhu, T. Dong, Y. Inoue, Polymorphous crystallization and
multiple melting behavior of poly(L-lactide): molecular weight dependence,
Macromolecules 40 (2007) 6898–6905, https://doi.org/10.1021/ma071258d.

[98] M. Yasuniwa, S. Tsubakihara, Y. Sugimoto, C. Nakafuku, Thermal analysis of the
double-melting behavior of poly(L-lactic acid), J. Polym. Sci. Part B: Polym. Phys.
42 (2004) 25–32, https://doi.org/10.1002/polb.10674.

[99] A.P. Melnikov, M. Rosenthal, A.I. Rodygin, D. Doblas, D.V. Anokhin,
M. Burghammer, D.A. Ivanov, Re-exploring the double-melting behavior of
semirigid-chain polymers with an in-situ combination of synchrotron nano-focus
X-ray scattering and nanocalorimetry, Eur. Polym. J. 81 (2016) 598–606, https://
doi.org/10.1016/j.eurpolymj.2015.12.031.

[100] G.W.H. Höhne, Another approach to the Gibbs-Thomson equation and the melting
point of polymers and oligomers, Polymer 43 (2002) 4689–4698, https://doi.org/
10.1016/S0032-3861(02)00305-1.

[101] A. Seidel, Characterization and Analysis of Polymers, John Wiley & Sons, 2008, p.
p.755.

[102] N.S. Murthy, S.T. Correale, H. Minor, Structure of the amorphous phase in crys-
tallizable polymers: poly(ethylene terephthalate), Macromolecules 24 (1991)
1185–1189, https://doi.org/10.1021/ma00005a033.

[103] J.F. Mano, Structural evolution of the amorphous phase during crystallization of
poly (l-lactic acid): a synchrotron wide-angle X-ray scattering study, J. Non-Cryst.
Solids 353 (2007) 2567–2572, https://doi.org/10.1016/j.jnoncrysol.2007.04.022.

[104] N.S. Murthy, H. Minor, General procedure for evaluating amorphous scattering
and crystallinity from X-ray diffraction scans of semicrystalline polymers, Polymer
31 (1990) 996–1002, https://doi.org/10.1016/0032-3861(90)90243-R.

[105] J.D. Hoffman, Regime III crystallization in melt-crystallized polymers: the variable
cluster model of chain folding, Polymer 24 (1983) 3–26, https://doi.org/10.1016/
0032-3861(83)90074-5.

[106] I. Okazaki, B. Wunderlich, Modulated differential scanning calorimetry in the glass
transition region, V. Activation energies and relaxation times of poly(ethylene
terephthalate)s, J. Polym. Sci. Part B: Polym. Phys. 34 (1996) 2941–2952, https://
doi.org/10.1002/(SICI)1099-0488(199612)34:17<2941::AID-POLB7>3.0.
CO;2-T.

[107] M. van Drongelen, T. Meijer-Vissers, D. Cavallo, G. Portale, G.V. Poel,
R. Androsch, Microfocus wide-angle X-ray scattering of polymers crystallized in a
fast scanning chip calorimeter, Thermochim. Acta 563 (2013) 33–37, https://doi.
org/10.1016/j.tca.2013.04.007.

[108] D. Baeten, V.B.F. Mathot, T.F.J. Pijpers, O. Verkinderen, G. Portale, P. Van
Puyvelde, B. Goderis, Simultaneous synchrotron WAXD and fast scanning (Chip)
calorimetry: on the (Isothermal) crystallization of HDPE and PA11 at high su-
percoolings and cooling rates up to 200 °C s−1, Macromol. Rapid Commun. 36
(2015) 1184–1191, https://doi.org/10.1002/marc.201500081.

C. Fosse, et al.

https://doi.org/10.1002/polb.21822
https://doi.org/10.1016/j.polymer.2012.08.017
https://doi.org/10.1016/j.polymer.2012.08.017
https://doi.org/10.1016/j.polymer.2016.11.047
https://doi.org/10.1016/j.polymer.2016.11.047
https://doi.org/10.1007/s003960100507
https://doi.org/10.1007/s003960100507
https://doi.org/10.1002/macp.201600210
https://doi.org/10.1002/macp.201600210
https://doi.org/10.1016/j.tca.2010.12.024
https://doi.org/10.1021/acs.macromol.7b02188
https://doi.org/10.1016/j.eurpolymj.2014.06.014
https://doi.org/10.1016/j.polymer.2016.03.057
https://doi.org/10.1007/BF0065772
https://doi.org/10.1007/BF0065772
https://doi.org/10.1140/epje/i2007-10173-8
https://doi.org/10.1140/epje/i2007-10173-8
https://doi.org/10.1002/pol.1981.130190506
https://doi.org/10.1002/pol.1981.130190506
https://doi.org/10.1016/j.polymer.2011.08.006
https://doi.org/10.1016/j.polymer.2011.08.006
https://doi.org/10.1021/bm034063w
https://doi.org/10.1021/bm034063w
https://doi.org/10.1021/ma00022a013
https://doi.org/10.1021/ma00022a013
https://doi.org/10.1016/j.tca.2014.05.038
https://doi.org/10.1016/j.tca.2014.05.038
https://doi.org/10.1007/978-3-319-31329-0
https://doi.org/10.1007/978-3-319-31329-0
https://doi.org/10.1016/j.tca.2014.05.025
https://doi.org/10.1007/s10973-015-4650-9
https://doi.org/10.1016/j.tca.2017.10.019
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0450
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0450
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0450
https://doi.org/10.1016/0032-3861(84)90025-9
https://doi.org/10.1016/0032-3861(84)90025-9
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0460
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0460
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0460
https://doi.org/10.1021/ma051232r
https://doi.org/10.1021/ma051232r
https://doi.org/10.1002/mame.201500418
https://doi.org/10.1002/mame.201500418
https://doi.org/10.1016/j.polymer.2012.07.022
https://doi.org/10.1016/j.polymer.2012.07.022
https://doi.org/10.1002/app.23136
https://doi.org/10.1002/app.23136
https://doi.org/10.1021/ma071258d
https://doi.org/10.1002/polb.10674
https://doi.org/10.1016/j.eurpolymj.2015.12.031
https://doi.org/10.1016/j.eurpolymj.2015.12.031
https://doi.org/10.1016/S0032-3861(02)00305-1
https://doi.org/10.1016/S0032-3861(02)00305-1
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0505
http://refhub.elsevier.com/S0040-6031(18)31102-X/sbref0505
https://doi.org/10.1021/ma00005a033
https://doi.org/10.1016/j.jnoncrysol.2007.04.022
https://doi.org/10.1016/0032-3861(90)90243-R
https://doi.org/10.1016/0032-3861(83)90074-5
https://doi.org/10.1016/0032-3861(83)90074-5
https://doi.org/10.1016/j.tca.2013.04.007
https://doi.org/10.1016/j.tca.2013.04.007
https://doi.org/10.1002/marc.201500081


Synthesis and Thermal Properties of Bio-Based Copolyesters from
the Mixtures of 2,5- and 2,4-Furandicarboxylic Acid with Different
Diols

Shanmugam Thiyagarajan,*,† Michael A. Meijlink,† Aureĺie Bourdet,†,‡ Willem Vogelzang,†
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ABSTRACT: Recent works highlighted how interesting are the properties
of furan-based polyesters. Most of the attention has been focused on the
homopolyester obtained with 2,5-furandicarboxylic acid and ethylene
glycol, but other possibilities exist, which could help in tuning the final
properties by carefully selecting the nature and proportion of the initial
building blocks. This work reports the synthesis and properties (thermal
stability, activation energy for thermal decomposition, glass transition temperature, and aptitude to crystallize) of three series of
polyesters obtained by combining various amounts of two isomers of furandicarboxylic acid with different linear aliphatic diols,
such as ethylene glycol, 1,3-propanediol, and 1,4-butanediol. This approach provided homopolymers and copolymers with high
molecular weights, good thermal stability, broad processing windows, and a thermal behavior that can be tuned both in terms of
glass transition temperature and crystallinity. In most cases, the mixtures of 2,5- and 2,4-isomers obtained during the Henkel
disproportionation reaction can be directly used to synthetize furan-based copolyesters with good properties without the
downstream processing typically performed to separate the isomers prior to polymerization, which may considerably reduce the
time and costs for biomass valorization.

KEYWORDS: FDCA isomers, MT-TGA, activation energy, mixing law, Henkel reaction

■ INTRODUCTION

Furandicarboxylic acid (FDCA) is a bio-based building block
that has received tremendous attention since the time it
appeared as a promising alternative for various petroleum-
based monomers, in particular, for terephthalic acid (TA), to
synthesize polymers that are suitable for several applications.1

Polyesters derived from 2,5-FDCA, which is a symmetrical
molecule, have properties comparable to TA-based ana-
logues.2−5 In terms of gas barrier properties, the performance
of poly(ethylene-2,5-furandicarboxylate) (2,5-PEF) has been
found to be even superior to poly(ethylene-terephthalate)
(PET), which is obtained from ethylene glycol (EG) and
TA.6−9 This premise prompted several researchers to explore
the potential properties of 2,5-FDCA-based polymers in
various application areas.10−13 Evidence has been recently
reported about the structure−property relationship of three
isomers of FDCA, that is, 2,5-furandicarboxylic acid (2,5-
FDCA), 2,4-furandicarboxylic acid (2,4-FDCA), and 3,4-
furandicarbocxylic acid (3,4-FDCA), which are simultaneously
formed in a one-pot Henkel-type disproportionation reac-
tion.4,14 The position of the carboxylic group on the furan ring
has no influence on the reactivity of these isomers, as proven
by the fact that all of them equally lead to high-molecular
weight homopolyesters.4 However, thermal analysis revealed
that the homopolyester derived from 2,4-FDCA, that is,
poly(ethylene-2,4-furandicarboxylate) (2,4-PEF), even if it is

amorphous, has a glass transition temperature that is very
similar to that of 2,5-PEF and PET, which are both
semicrystalline. These results encourage us to further
investigate the potential properties of different copolyesters
derived from a mixture of 2,5- and 2,4-FDCA isomers. Given
that the selectivity of the Henkel reaction to the formation of
3,4-FDCA is not significant (yield of <5%),14 in this study, the
3,4-isomer is not investigated. Various ratios of the isomers
2,5- and 2,4-FDCA were used in combination with different
linear aliphatic diols, such as ethylene glycol (EG), 1,3-
propanediol (PDO), and 1,4-butanediol (BDO), to synthesize
a brand new family of copolyesters (Scheme 1). Two
approaches were used to obtain mixtures of 2,5- and 2,4-
FDCA isomers: (i) physical mixtures (the isomers were
isolated and then physically mixed on purpose, i.e., with
specific ratios of 2,4-FDCA and 2,5-FDCA), and (ii) Henkel
mixtures (two mixtures were directly obtained from the
Henkel reaction,14 i.e., mixture A and mixture B, and they were
used without further processing). Dimethyl esters of FDCA
were synthesized and then purified to monomer grade as
described in a previous publication.14 The copolyesters were
then synthesized similar to the homopolyesters,4 that is, by
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melt polycondensation, and were obtained in excellent isolated
yields (Table 1). This work reports the preliminary results
obtained on these samples by thermogravimetric analysis
(TGA), modulated-temperature TGA (MT-TGA), and differ-
ential scanning calorimetry (DSC).
Scheme 1 illustrates (i) the synthesis of dimethyl esters of

2,5-FDCA and 2,4-FDCA via the Henkel reaction and (ii) the
synthesis of copolyesters derived from dimethyl esters of 2,5-
FDCA and 2,4-FDCA isomers. The catalyst used, the ratio of
isomers obtained, and their separation/purification procedures
related to Henkel reaction are described in a previous
publication.14

■ RESULTS AND DISCUSSION

The series of samples based on EG was investigated more in
detail (eight copolyesters compared to the homopolyesters 2,5-

PEF and 2,4-PEF) due to the increasing interest in trying to
substitute PET with renewable 2,5-PEF for a range of
commercial applications, whereas the series of samples based
on PDO and BDO were limited (three copolyesters compared
to the corresponding homopolyesters) to reduce the
consumption of 2,4-FDCA, which, at the moment, is only
available on a lab scale. The three series of samples are
presented in Table 1 along with the main results of the
synthesis. Characterizations by nuclear magnetic resonance
(1H NMR and 13C NMR) and Fourier transform infrared
spectroscopy (FTIR) were performed to confirm the structure
of the synthesized polymers (the data are reported in the
Experimental Section). The number-average and weight-
average molecular weights (Mn and Mw) obtained by gel
permeation chromatography (GPC) show that all the
copolyesters synthesized in this work have reasonably high

Scheme 1. Synthesis of 2,5/2,4-FDCA Monomers and Their Copolyesters

Table 1. Results of the Synthesis of Copolyesters from FDCA Isomers (2,5- and 2,4-FDCA) and Three Different Linear
Glycols (EG, PDO, and BDO)

2,5-FDCA:2,4-FDCA (mol %) GPCc

entry code charged ratio found ratio (1H NMR) Mn (g/mol)d Mw(g/mol)e Đ
f yieldg (%) appearanceh

ethylene glycol (EG)

1 2,5-PEF 100:00 100:00 19,100 34,200 1.8 91 opaque

2 PE-2,5[95]-2,4[05]-F 95:05 95:05 20,600 36,200 1.8 89 translucent

3 PE-2,5[90]-2,4[10]-F 90:10 90:10 21,100 40,600 1.9 92 translucent

4 PE-2,5[85]-2,4[15]-F 85:15 85:15 22,000 39,900 1.8 93 translucent

5 PE-2,5[75]-2,4[25]-F 75:25 75:25 18,900 35,700 1.9 84 translucent

6 PE-2,5[50]-2,4[50]-F 50:50 50:50 30,200 57,400 1.9 87 translucent

7 PE-2,5[25]-2,4[75]-F 25:75 25:75 15,200 31,800 2.0 92 translucent

8 2,4-PEF 00:100 00:100 21,200 39,700 1.9 88 translucent

9 PEF-2,5/2,4[H.M-A] mixture Aa 68:32 14,500 28,300 1.9 85 translucent

10 PEF-2,5/2,4[H.M-B] mixture Bb 86:14 13,600 26,600 2.0 87 translucent

1,3-propanediol (PDO)

11 2,5-PPF 100:00 100:00 36,300 64,100 1.8 89 opaque

12 PP-2,5[50]-2,4[50]-F 50:50 50:50 29,000 51,100 1.8 91 translucent

13 2,4-PPF 00:100 00:100 21,600 42,100 2.0 92 translucent

14 PPF-2,5/2,4[H.M-A] mixture Aa 74:26 28,000 58,500 2.0 88 translucent

15 PPF-2,5/2,4[H.M-B] mixture Bb 86:14 27,100 55,600 2.1 85 translucent

1,4-butanediol (BDO)

16 2,5-PBF 100:00 100:00 21,400 55,400 2.5 90 opaque

17 PB-2,5[50]-2,4[50]-F 50:50 50:50 27,800 57,300 2.0 92 translucent

18 2,4-PBF 00:100 00:100 21,800 36,800 1.7 93 opaque

19 PBF-2,5/2,4[H.M-A] mixture Aa 72:28 53,400 112,500 2.1 87 translucent

20 PBF-2,5/2,4[H.M-B] mixture Bb 86:14 28,000 53,911 1.9 89 translucent
aActual mixture obtained from the disproportionation reaction using CdI2 as a catalyst.

14 bActual mixture obtained from the disproportionation
reaction using ZnCl2 as a catalyst.

14 Feed and incorporation ratios are the same. cGel permeation chromatography performed on crude samples
using hexafluoroisopropanol (HFIP) as a solvent. d(Mn) is the number-average molecular weight. e(Mw) is the weight-average molecular weight.
f
Đ is the dispersity, i.e., a measure of how spread is the molar-mass distribution. gIsolated yield (crude). hAppearance of the crude polyester in the
reactor.
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molecular weights with values of the dispersity (Đ) ranging
between 1.7 and 2.5. 2,5-PEF was obtained with a molecular
weight of 19,100 g/mol. The incorporation of 5 to 15 mol %
2,4-FDCA resulted in a steady increase in the molecular weight
of up to 22,000 g/mol (Table 1, entries 1−4). The use of a
physical mixture containing 50:50 mol % of 2,5/2,4-FDCA
isomers further enhanced this effect, and the molecular weight
reached 30,200 g/mol (Table 1, entry 6). A similar trend has
also been reported in a very recent publication where the
copolymerization of 50:50 mixtures of 2,4-FDCA Me and
dimethyl terephthalate with EG produced a higher molecular
weight compared to other combinations.15 However, a drop in
the molecular weight was observed when 25 mol % 2,4-FDCA
was incorporated in the reactor (Table 1, entry 5), giving a
similar value to that of 2,5-PEF. The symmetrical situation is
similar because introducing 75 mol % 2,4-FDCA (which leaves
25 mol % 2,5-FDCA) in the reactor also resulted in a drop in
the molecular weight from 21,200 g/mol obtained for 2,4-PEF
to 15,200 g/mol (Table 1, entries 7 and 8). It is still unclear
whether the results obtained with these particular ratios (25:75
and 75:25 mol %) are systematic and what could be the
reasons for them. Besides preparing physical mixtures on
purpose, two Henkel mixtures of the two isomers (so-called
because they can be directly obtained from the Henkel
reaction) were also used for the polymerization, which resulted
in slightly lower molecular weights as compared to the physical
mixtures having similar compositions (Table 1, entries 9 and

10). All the copolyesters listed in Table 1 were obtained in the
form of translucent samples after cooling down from the melt,
suggesting that the incorporation of the 2,4-isomer, even at the
lowest amount, significantly disrupts the crystallization of the
polymer chains. This is consistent with the results previously
reported in the literature for which the homopolymer obtained
with 2,4-FDCA is totally amorphous, whereas the homopol-
ymer obtained with 2,5-FDCA is semicrystalline.4,16 Besides,
2,4-FDCA seems to be the isomer that disrupts crystallinity the
best because the homopolymer obtained with 3,4-FDCA was
also found to be intrinsically semicrystalline.4 In the series of
samples obtained with PDO, a significant difference is
observed in the molecular weight of the two homopolyesters,
that is, 2,5-PPF and 2,4-PPF (Table 1, entries 11 and 13), and
the copolyesters obtained with both the physical mixture and
the Henkel mixtures resulted in molecular weights that are
intermediate between the extreme values of the series (Table 1,
entries 12, 14, and 15). Similar to the series of samples based
on EG, all the copolyesters obtained with PDO have the
appearance of translucent materials. In the series of samples
obtained with BDO, the physical mixture of 50:50 mol % and
the Henkel mixture B provided similar values of molecular
weights Mn ≈ 28,000 g/mol) (Table 1, entries 17 and 20),
whereas the Henkel mixture A provided a remarkably two-fold
higher molecular weight (Mn = 53,400 g/mol) (Table 1, entry
19). In most cases, as for the samples in the BDO series, the

Figure 1. 1H NMR spectra of the 50:50 mixture of 2,5/2,4-FDCA isomers with (a) EG, (b) PDO, and (c) BDO in CDCl3 + TFA-d. The pink
symbol (#) in (a) indicates the presence of DEG groups.
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values of molecular weight obtained for the copolyesters are
higher compared to the molecular weights of the correspond-
ing homopolyesters (Table 1, entries 16 and 18). More
interestingly, the use of Henkel mixtures provided higher
molecular weights compared to the use of physical mixtures, in
particular, in the PDO and BDO series, suggesting that there
may be no need for the downstream processing (DSP)
typically performed to separate the isomers prior to polymer-
ization.
Figure 1 depicts the representative 1H NMR spectra of the

copolyesters obtained with a physical mixture of 2,5- and 2,4-
isomers (50:50 mol %) with EG, PDO, and BDO (13C NMR
spectra are given in the Supporting Information). The feed and
incorporation ratios of the two FDCA isomers were found to
be identical in all the synthesized copolyesters. The sum of the
integrals corresponding to the two symmetrical protons (H1)
in the 2,5-isomer is equal to the sum of the integrals
corresponding to the two unsymmetrical protons (H2 and
H3) in the 2,4-isomer, confirming that an equal incorporation
ratio of the two FDCA isomers was achieved in the final
polymers. The 1H NMR spectrum of PE-2,5[50]-2,4[50]-F
(Figure 1) shows one broad multiplet representing the −CH2−

groups (H4 and H5) adjacent to the oxygen atom in the linear
glycols. The multiplet pattern arises from the condensation of
each linear glycol with the unsymmetrical carboxylic esters in
the mixture of 2,5- and 2,4- isomers.
Consistently with previous observations, the formation of

diethylene glycol (DEG) is observed in the samples belonging
to the EG series. As the DEG content may significantly affect

the physical and thermal properties of the synthesized
polymers (the higher the DEG content, the lower the glass
transition temperature Tg), the incorporation of DEG in all the
PEF samples was also estimated (Table S1 in the Supporting
Information). The DEG content ranges from 2 to 6%, which is
reasonably compared to the values found in the literature.4 In
general, a DEG content of approximately 3 to 4% is observed
in 2,5-PEF, whereas in the copolyesters, the DEG content is
reduced to 1−3%.4,17 For the moment, it is not possible to say
whether the DEG content is the only parameter that can
possibly affect the glass transition temperature and how this
parameter would combine with other parameters such as the
molecular weights. The 1H NMR spectra of all the samples in
the EG, PDO, and BDO series are given in the Supporting
Information.
The thermal stability of the samples was preliminarily

evaluated by conventional TGA measurements performed
under gaseous N2 with a heating rate of 10 °C min−1 (curves
reported in the Supporting Information; results are reported in
Table 2). A preliminary TGA scan is necessary to make sure
that the synthesized polymer is stable in the temperature range
targeted for the subsequent DSC scans. Previous works
showed that the thermal stability of polyesters obtained with
different aliphatic diols depends on the length of the aliphatic
segment. In particular, in a recent review, Papageorgiou et al.18

reported relevant information about the thermal degradation of
furanoate polyesters along with their decomposition mecha-
nisms; however, they did not provide any information about
the activation energy for thermal degradation. In this work, the

Table 2. Thermal Stability of Copolyesters from FDCA Isomers (2,5- and 2,4-FDCA) and Three Different Linear Glycols (EG,
PDO, and BDO)

TGAa MT-TGAd

entry code T5%
b (°C) Tmax

c (°C) T5%
b (°C) Tmax

c (°C) Ea
e (kJ mol−1) log Zf (min−1)

ethylene glycol (EG)

1 2,5-PEF 339 411 315 ± 3 390 ± 1 190 ± 25 14 ± 2

2 PE-2,5[95]-2,4[05]-F 328 411 334 ± 2 383 ± 2 198 ± 33 15 ± 3

3 PE-2,5[90]-2,4[10]-F 341 413 339 ± 4 390 ± 3 208 ± 30 15 ± 3

4 PE-2,5[85]-2,4[15]-F 338 411 345 ± 8 392 ± 3 185 ± 31 13 ± 2

5 PE-2,5[75]-2,4[25]-F 336 414 335 ± 2 389 ± 2 190 ± 25 13 ± 2

6 PE-2,5[50]-2,4[50]-F 331 411 334 ± 2 386 ± 4 191 ± 30 13 ± 3

7 PE-2,5[25]-2,4[75]-F 344 426 350 ± 2 399 ± 2 208 ± 23 15 ± 2

8 2,4-PEF 345 429 350 ± 2 405 ± 1 198 ± 10 14 ± 4

9 PEF-2,5/2,4[H.M-A] 339 404 344 ± 2 393 ± 2 195 ± 12 14 ± 3

10 PEF-2,5/2,4[H.M-B] 348 411 348 ± 5 411 ± 5 195 ± 35 14 ± 5

1,3-propanediol (PDO)

11 2,5-PPF 330 405 343 ± 2 368 ± 2 167 ± 35 12 ± 3

12 PP-2,5[50]-2,4[50]-F 333 406 338 ± 2 374 ± 2 170 ± 18 12 ± 2

13 2,4-PPF 342 415 334 ± 2 376 ± 2 158 ± 26 11 ± 2

14 PPF-2,5/2,4[H.M-A] 332 401 342 ± 2 374 ± 2 176 ± 22 14 ± 2

15 PPF-2,5/2,4[H.M-B] 330 402 341 ± 2 373 ± 2 167 ± 37 15 ± 3

1,4-butanediol (BDO)

16 2,5-PBF 304 367 304 ± 2 329 ± 2 151 ± 10 12 ± 1

17 PB-2,5[50]-2,4[50]-F 320 389 312 ± 2 343 ± 2 142 ± 19 11 ± 1

18 2,4-PBF 328 402 324 ± 2 368 ± 2 182 ± 09 13 ± 2

19 PBF-2,5/2,4[H.M-A] 327 396 331 ± 2 363 ± 2 190 ± 20 14 ± 3

20 PBF-2,5/2,4[H.M-B] 314 395 323 ± 2 365 ± 2 163 ± 16 12 ± 1
aThermogravimetric analysis performed under N2 on the final products with a heating rate of 10 °C min−1. bTemperature at which a weight loss of
5% is observed. cTemperature corresponding to the maximum rate of weight loss. dModulated-temperature thermogravimetric analysis performed
under N2 on the final products after drying in a desiccator with P2O5 with an overall heating rate of 2 °C min−1. eAverage value of the activation
energy for thermal degradation ± the difference between the upper and lower bounds of its fluctuations as a function of temperature. fZ is a pre-
exponential factor.
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products of the synthesis were then dried, stored in a
desiccator with P2O5, and further characterized by modu-
lated-temperature TGA. MT-TGA allows us to obtain not only
the mass loss as a function of temperature but also the kinetic
parameters associated to the mass loss,19−21 that is, the
activation energy Ea as a function of the mass loss and
therefore of temperature (Figures S41−S43 in the Supporting
Information). More information about MT-TGA is provided
in the Supporting Information. Both TGA and MT-TGA
showed that all the samples have similar degradation behaviors
when the temperature is increased under gaseous nitrogen,
whatever may be the ratio of the FDCA isomers or the length
of the glycol unit. In particular, they are stable up to 250 °C
(mass losses: <1 wt %), which allows quite broad processing
windows; their thermal decomposition occurs between 300
and 450 °C, and the residual masses range between 9 and 16%
for the samples in the EG series (PEFs), between 13 and 32%
for the samples in the PDO series (PPFs), and between 8 and
12% for the samples in the BDO series (PBFs) (Figure 2). The
decomposition mechanisms leading to the thermal degradation

of furanoate polyesters has been already extensively discussed
by Papageorgiou et al.18 and Terzopoulou et al.,22 who
characterized several furanic polyesters and their terephthalate
equivalents by performing TGA measurements under a N2

atmosphere and evidenced that, in all cases, the main
decomposition mechanism is β-hydrogen scission. In partic-
ular, Terzopoulou et al.22 investigated the decomposition
mechanism of polyesters based on 2,5-furandicarboxylic acid
and aliphatic diols with medium- and long-chain methylene
groups and confirmed that all polyesters decompose in a
similar way. Decomposition takes place mainly via β-hydrogen
bond scission and less extensively by homolytic scission; the
number of methylene groups of the parent diol monomer in
the repeating unit seems to not affect the decomposition
mechanism of the polyesters.
In Table 2, Tmax is the temperature of degradation

corresponding to the maximum of the derivative curves
d(weight)/d(temperature) (%/°C) and T5% is the temperature
corresponding to a weight loss of 5% as determined by either
TGA (heating rate: 10 °C min−1) or MT-TGA (overall heating

Figure 2. MT-TGA signals and derivative curves recorded for the homo- and copolyesters synthesized using 2,5/2,4-FDCA and (a) EG, (b) PDO,
and (c) BDO, recorded from 30 to 600 °C with an overall heating rate of 2 °C min−1, an amplitude modulation of ±5 °C, and a period of 200 s
under a constant flow of gaseous N2.
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rate: 2 °C min−1). The dispersion of the experimental data and
the uncertainties of measurement were evaluated by character-
izing five samples per batch. In some cases, the incorporation
of 2,4-FDCA into 2,5-FDCA-based polyesters increases the
thermal stability, as shown by the values of T5% recorded by
MT-TGA. In the EG series (entries 1−8), for instance, T5% is
recorded at its minimum (315 °C) for 2,5-PEF and its
maximum (350 °C) for 2,4-PEF, and the values found for the
copolyesters are intermediate. Similar trends were observed for
the copolymers in the PDO and BDO series (Table 2, entries
11−13 and 16−18, respectively) when a physical mixture of
the two isomers was used; in some cases, the thermal stability
obtained with the Henkel mixtures was even higher compared
to the thermal stability of the corresponding homopolymers
(Table 2, entries 14−15 and 19−20).
Figure 2 shows the MT-TGA curves (on the left) and their

derivative curves (on the right) recorded for the samples in the
EG, PDO, and BDO series. As previously mentioned, the
samples were characterized by MT-TGA to obtain the
temperature dependence of the activation energy (as shown
by Figures S41−S43 in the Supporting Information). The Ea =
f(mass loss) curves are mostly flat (i.e., the degradation occurs
in a single step) but present some fluctuations; the upper and
lower bounds of such fluctuations were used to estimate the
uncertainty on the values of Ea reported in Table 2. The
average value of the activation energy obtained by MT-TGA
for the thermal degradation under gaseous nitrogen is
consistent with the values determined by the second step/
nth-order model described by Tsanaktsis et al.23 and
intermediate between the values previously reported for PLA
(110 kJ mol−1 24 and 120 kJ mol−1 25) and PET (227 kJ mol−1

24). A trend can be evidenced when 2,5-PEF, 2,5-PPF, and 2,5-
PBF are compared in terms of activation energy: the thermal
stability decreases as the length of the aliphatic segment
increases, that is, as the number of methylene groups in the
diol used for the synthesis increases. This result is in total
agreement with the decrease in Tmax observed both by TGA
(411 °C for 2,5-PEF, 405 °C for 2,5-PPF, and 367 °C for 2,5-
PBF) and MT-TGA (390 ± 1 °C for 2,5-PEF, 368 ± 1 °C for
2,5-PPF, and 329 ± 1 °C for 2,5-PBF) (Table 3, entries 1, 11,
and 16), and previously reported by Papageorgiou et al.18 for
FDCA-based polyesters (number of methylene groups = 2, 3,
and 4). Similar to what happens in the polyesters obtained
with terephthalic acid (polyethylene terephthalate (PET),
polypropylene terephthalate (PPT), and polybutylene tereph-
thalate (PBT)), in FDCA-based polyesters, the thermal
stability depends on the ratio of aromatic/aliphatic segments
in the repeating unit: the longer the aliphatic segment, the
poorer the thermal stability. The incorporation of 2,4-FDCA
has less impact on the activation energy for thermal
degradation rather than the number of methylene groups in
the monomer diol. This is particularly true for the samples in
the EG and PDO series. However, the position isomerism on
the furan ring seems to impact the degradation kinetics of the
samples in the BDO series because the activation energy for
2,5-PBF was found to be significantly lower with respect to 2,4-
PBF (Table 3, entries 16 and 18). Sometimes the copolyesters
obtained with Henkel mixtures seem to be thermally more
stable than the corresponding 2,5-FDCA-based homopol-
ymers. Additional characterizations done with complementary
techniques are probably necessary to elucidate whether

Table 3. Thermal Properties of Copolyesters from FDCA Isomers (2,5- and 2,4-FDCA) and Three Different Linear Glycols
(EG, PDO, and BDO)

first heating second heating

entry code Tg
a (°C) ΔCp

b (J g−1 K−1) Tm
c (°C) ΔHm

d (J g−1) Tg
a (°C) ΔCp

b (J g−1 K−1) Tm
c (°C) ΔHm

d (J g−1)

ethylene glycol (EG)

1 2,5-PEF 81.4 ± 0.6 0.39 ± 0.08 215 ± 1 5 ± 2 82.4 ± 1.8 0.42 ± 0.06 215 ± 1 4 ± 2

2 PE-2,5[95]-2,4[05]-F 81.8 ± 0.6 0.44 ± 0.06 205 ± 1 0.3 ± 0.2 81.9 ± 0.6 0.46 ± 0.04 203 ± 1 0.2 ± 0.1

3 PE-2,5[90]-2,4[10]-F 83.7 ± 1.0 0.43 ± 0.12 n.o.e n.o.e 83.3 ± 1.5 0.42 ± 0.08 n.o.e n.o.e

4 PE-2,5[85]-2,4[15]-F 82.0 ± 1.4 0.36 ± 0.04 n.o.e n.o.e 81.8 ± 2.0 0.40 ± 0.06 n.o.e n.o.e

5 PE-2,5[75]-2,4[25]-F 81.3 ± 0.6 0.40 ± 0.04 n.o.e n.o.e 81.8 ± 0.6 0.43 ± 0.04 n.o.e n.o.e

6 PE-2,5[50]-2,4[50]-F 74.7 ± 0.6 0.36 ± 0.04 n.o.e n.o.e 75.7 ± 0.6 0.39 ± 0.06 n.o.e n.o.e

7 PE-2,5[25]-2,4[75]-F 73.4 ± 0.6 0.40 ± 0.04 n.o.e n.o.e 74.0 ± 0.6 0.42 ± 0.04 n.o.e n.o.e

8 2,4-PEF 72.9 ± 1.0 0.36 ± 0.08 n.o.e n.o.e 72.6 ± 0.8 0.42 ± 0.06 n.o.e n.o.e

9 PEF-2,5/2,4[H.M-A] 75.0 ± 0.6 0.39 ± 0.08 n.o.e n.o.e 74.8 ± 0.6 0.44 ± 0.04 n.o.e n.o.e

10 PEF-2,5/2,4[H.M-B] 78.0 ± 1.0 0.38 ± 0.08 n.o.e n.o.e 76.0 ± 1.0 0.40 ± 0.08 n.o.e n.o.e

1,3-propanediol (PDO)

11 2,5-PPF 51.8 ± 0.6 0.40 ± 0.04 175 ± 1 11 ± 1 51.7 ± 0.6 0.41 ± 0.04 175 ± 1 8 ± 2

12 PP-2,5[50]-2,4[50]-F 47.8 ± 0.6 0.37 ± 0.04 n.o.e n.o.e 50.4 ± 0.6 0.37 ± 0.04 n.o.e n.o.e

13 2,4-PPF 40.2 ± 0.6 0.40 ± 0.04 n.o.e n.o.e 40.7 ± 0.6 0.41 ± 0.04 n.o.e n.o.e

14 PPF-2,5/2,4[H.M-A] 48.7 ± 0.6 0.40 ± 0.04 n.o.e n.o.e 52.1 ± 0.6 0.39 ± 0.06 n.o.e n.o.e

15 PPF-2,5/2,4[H.M-B] 50.0 ± 0.6 0.39 ± 0.04 n.o.e n.o.e 53.0 ± 0.6 0.39 ± 0.04 n.o.e n.o.e

1,4-butanediol (BDO)

16 2,5-PBF 31.1 ± 0.6 0.37 ± 0.04 170 ± 1 41 ± 1 37.6 ± 0.6 0.30 ± 0.04 170 ± 1 42 ± 2

17 PB-2,5[50]-2,4[50]-F 33.7 ± 0.6 0.28 ± 0.04 n.o.e n.o.e 35.4 ± 0.6 0.28 ± 0.04 n.o.e n.o.e

18 2,4-PBF 29.4 ± 0.6 0.36 ± 0.08 n.o.e n.o.e 33.3 ± 0.6 0.36 ± 0.04 n.o.e n.o.e

19 PBF-2,5/2,4[H.M-A] 33.1 ± 0.6 0.36 ± 0.04 n.o.e n.o.e 36.3 ± 0.6 0.36 ± 0.04 n.o.e n.o.e

20 PBF-2,5/2,4[H.M-B] 30.8 ± 0.6 0.34 ± 0.04 153 ± 2 32 ± 1 33.5 ± 0.6 0.35 ± 0.04 152 ± 2 28 ± 3
aMidpoint glass transition temperature measured upon heating after melt-quenching (average of 5 samples). bHeat capacity step at the glass
transition estimated on the basis of the normalized heat flow measured upon heating by DSC (average of 5 samples). cMelting temperature
measured at the maximum of the melting endotherm. dEnthalpy of melting calculated by integrating the melting endotherm. eNot observed.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.9b04463
ACS Sustainable Chem. Eng. 2019, 7, 18505−18516

18510



positional isomerism could affect the mechanisms and kinetics
of thermal degradation for these series of copolyesters.
DSC analyses were performed on the quenched samples of

all the considered series of polyesters (Figure 3) to investigate
any possible difference in their thermal behavior upon heating,
including their aptitude to crystallize from the solid glassy
state. The dispersion of the experimental data and the
uncertainties of measurement were evaluated by characterizing
five samples per batch. The parameters associated with the
main thermal events observed during the heating ramps, that
is, the midpoint glass transition temperature Tg, the heat
capacity step at the glass transition temperature ΔCp, and the
melting temperature Tm, are reported in Table 3.
Similar to the results obtained by TGA and MT-TGA, DSC

also reveals a synergetic effect of the combination of the 2,4-
and 2,5-isomers with respect to the glass transition temper-
ature; however, this effect seems to be specific to the samples
synthesized containing 5 to 15 mol % 2,4-FDCA, which is an
intriguing result because they seem to have a Tg slightly higher
than that of the homopolyester 2,5-PEF (Table 3, entries 1−
4). The interpretation of this trend is tricky because the glass
transition temperature of a polymer is affected by several
parameters, which are not independent from each other and
whose effects can eventually be compensated to different
extents. Some of these parameters are strictly related to the
chemical bonds as well as to their arrangement within the
repeating unit, which are responsible for both the intra- and
intermolecular interactions and therefore determine the
flexibility of the polymer backbone, the local and overall
dipole moment, the steric hindrance and the spacing between
the polymer chains, the free volume available for molecular
relaxations, etc.. Besides, the glass transition temperature also
depends on the thermal treatment performed on the sample as
well as on the cooling rate used to form the glass; therefore, it
is important to consider both the first and second heating scans

prior to making any conclusions about the values of Tg for a
series of samples. It is worth mentioning that, as previously
said, one possible explanation could be found in the literature,
which reports that the DEG content decreases when increasing
the content of 2,5-FDCA that reacts with TA.17 In this case,
the effect on Tg could be enhanced by the incorporation of the
2,4-isomer because, in the copolymers, the DEG content is
further reduced compared to the homopolymer 2,5-PEF. The
Tg of the copolyesters containing 15 and 25 mol % the 2,4-
isomer does not show any significant difference with respect to
2,5-PEF; however, the copolyesters containing higher contents
of the 2,4-isomer (50 and 75 mol %) have a Tg that
significantly drops, following a trend that is consistent with the
Tg of the homopolymer 2,4-PEF (Table 3, entries 4−8).
Except for the sample with the lowest incorporation rate (5

mol % the 2,4-isomer) (Table 3, entry 2), all the copolyesters
in the EG series seem to be unable to crystallize in the selected
conditions. The DSC curves reported in Figure 3 show that
cold crystallization and the corresponding melting peak can be
clearly observed only for the homopolymer 2,5-PEF and no
significant melting endotherm is observed for the copolyesters.
Preliminary results obtained by wide-angle X-ray diffractom-
etry (WAXD) performed at room temperature on some of the
copolyesters in the EG series (results are given in the
Supporting Information) also support the evidence that the
incorporation of as little as 10 mol % the unsymmetrical 2,4-
isomer is able to disrupt the crystallization of the 2,5-FDCA-
based repeating units. Further investigations should be
performed by DSC and WAXD after crystallization in different
isothermal conditions to evaluate the crystallization kinetics,
which would give a deeper insight into the aptitude to
crystallize of these samples. As for the number of methylene
groups in the diol used in the reaction with FDCA, it has a
clear effect on the glass transition temperature. As expected, for
a given isomer ratio (e.g., 50:50 mol %), Tg decreases as the

Figure 3. DSC curves recorded upon heating (second scans after melt-quenching) at 10 °C min−1 on the polyesters obtained from different
proportions of 2,5- and 2,4-FDCA combined with (a) EG, (b) PDO, and (c) BDO.
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aliphatic glycolic subunits get longer (Table 3, entries 6, 12,
and 17). This trend is also observed for the corresponding
homopolymers (Table 3, entries 1, 11, and 16 for the 2,5-
FDCA-based homopolyesters and entries 8, 13, and 18 for the
2,4-FDCA-based homopolyesters). In all cases (both homo-
polyesters and copolyesters), the biggest drop in Tg is observed
when stepping from EG (a diol with two methylene groups) to
PDO (a diol with three methylene groups); stepping to BDO,
that is, using a diol with an extra methylene group, further
decreases Tg, but the difference is much smaller. Besides, in the
PDO series, the 50:50 physical mixture of the two FDCA
isomers provided a copolyester with a Tg that is much higher
compared to the average value expected on the basis of a
simple mixing law, such as the Fox equation.26 According to
the values recorded during the second heating ramp, the
average of the glass transition temperatures of the homo-
polyesters 2,5-PPF and 2,4-PPF should be 46.2 °C, whereas
the Tg recorded for PP-2,5[50]-2,4[50]-F is 50.4 °C (Table 3,
entries 11−13). The opposite is observed in the EG series
where the 50:50 physical mixture of the two FDCA isomers
provided copolyesters with a Tg that is much lower compared
to the average value expected on the basis of Fox’s mixing law
(75.7 °C vs 77.5 °C) (Table 3, entries 1, 6, and 8). It would be
interesting to better understand how the glass transition is
modified by either selecting a specific ratio of the two FDCA
isomers or by using a monomer diol with a given number of
methylene groups.
As for the copolyesters obtained with the two Henkel

mixtures in the DPO series, they have Tg values that are closer
to 2,5-PPF rather than 2,4-PPF, suggesting that no significant
effect is obtained on the glass transition temperature by the
incorporation of the 2,4-isomer in the reactor (Table 3, entries
14 and 15). Eventually, their glass transition temperatures
seem to be even slightly higher than 2,5-PPF, which is an
intriguing result that needs to be confirmed by further studies.
Whatever the reason for such behavior, the most important
consequence is that, with respect to the glass transition, using
purified 2,5-FDCA or a Henkel mixture for the synthesis
provides polymers with similar behaviors. In the BDO series,
the 50:50 physical mixture of the two FDCA isomers provides
a copolyester with a Tg value that is approximately the average
of the glass transition temperatures of the homopolyesters, at
least according to the values recorded during the second
heating ramp (Table 3, entries 16−18). As expected, all of the
copolyesters in both the PDO and BDO series are fully
amorphous, except the ones obtained with the Henkel mixture
B in the BDO series for which a melting endotherm was
observed at 152 °C (Figure 3c).
Considering the complex dependence of the glass transition

temperature on the chemical composition and arrangement of
the subunits for all these polyesters, the values of Tg reported
in Table 3 were plotted as a function of the 2,5-FDCA DME
content for all the polyesters in the EG, PDO, and BDO series
and then fitted by different mixing laws (Figure 4). The first
law used for fitting is the Fox equation,26 which describes a
weighted-average relationship between Tg and the mass
fraction of each component:
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where Tg is the glass transition temperature of the copolymer,
Tg1 and Tg2 are the glass transition temperatures of each

homopolymer, x is the weight fraction of one of the isomers,
and 1 − x is the weight fraction of the other isomer. Equation 1
is symmetric with respect to the weight fraction of each isomer
and could help in predicting the properties of the copolyesters
from the properties of the corresponding homopolyesters.
Equation 2 proposed by Gordon and Taylor27 was also used
for fitting:
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In this case, kGT has to be evaluated from the experimental
data and is incorporated into the simple weighted-average
relation to better represent the eventual unequal contributions
of each isomer to the final value of Tg. Finally, equation 3
proposed by Kwei28 was used, which includes two additional
parameters, kKw and q:
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The q parameter is proportional to the number of specific
intermolecular interactions eventually existing in the copoly-
mer. This model is generally used to take into account dipole-
driven intermolecular interactions, such as hydrogen bond-
ing.28,29

The fitting results obtained with Fox’s, Gordon−Taylor’s,
and Kwei’s equations are shown in Figure 4, and the
corresponding parameters are reported in Table 4. All the
equations provide relatively good fitting results. Whatever may
be the mixing law, the best fitting is obtained for the samples in

Figure 4. Values of the glass transition temperature Tg plotted against
2,5-FDCA DME content and fitted by Fox’s, Gordon−Taylor’s, and
Kwei’s equations. Solid symbols correspond to the copolyesters
obtained with physical mixtures, whereas empty symbols correspond
to the copolyesters obtained with Henkel mixtures.

Table 4. Parameters Obtained by Fitting the Glass
Transition Temperatures of Copolyesters from FDCA
Isomers (2,5- and 2,4-FDCA) and Three Different Linear
Glycols (EG, PDO, and BDO) with Fox’s, Gordon−
Taylor’s, and Kwei’s Equations

Fox
Gordon−
Taylor Kwei

polymer R2 kGT R2 kKw q R2

ethylene glycol (EG) 0.69 1.70 0.73 1.00 −5.98 0.73

1,3-propanediol
(PDO)

0.84 0.31 1.00 0.32 0.12 1.00

1,4-butanediol (BDO) 0.22 0.01 0.48 9.31 13.33 0.57
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the PDO series, whereas the worst fitting is obtained for the
samples in the BDO series. Within each series of samples, the
best fitting results are generally obtained with Kwei’s equation,
probably owing to the peculiar dielectric properties recently
reported by Bourdet et al. for 2,5-PEF and 2,4-PEF.16 In the
EG and PDO series, the use of Gordon−Taylor’s or Kwei’s
equation provides results that are equally good; however, the
EG series has the highest value of kGT, likely because the
unequal contribution of each isomer is better evidenced in the
series of copolymers having the highest ratio of furan rings to
methylene groups. When it comes to Kwei’s equation, the
value of kKw is higher for the samples having an even number of
methylene groups in the aliphatic glycolic subunit (EG and
BDO series) and lower for the samples having an odd number
of methylene groups (PDO series). Once again, this result is
consistent with the even−odd effect experimentally evidenced
on different properties by Soccio et al.30 for a series of aliphatic
poly(propylene dicarboxylate)s and subsequently confirmed by
Papageorgiou et al.18 for a series of bio-based 2,5-furan
dicarboxylate polyesters with an increasing number of
methylene groups in the monomer diol. The results obtained
with Kwei’s equation, compared to the values of Tg reported in
Table 3, seem to suggest that the number of methylene groups
in the selected diol and therefore the length of the aliphatic
subunit in the repeating unit increase the flexibility of the
backbone (as shown by the decrease in the glass transition
temperature) but, at the same time, seem to favor the
development of intermolecular dipole-driven interactions
between the furan rings.
The recent work by Bourdet et al.16 compared the

homopolymers 2,5-PEF and 2,4-PEF in terms of molecular
mobility and crystallization capability and showed how
dramatic the influence of the position of the carboxylic groups
with respect to the furan ring can be, not only on the average
dipole moment but also on the ability to crystallize. At a
heating rate of 10 °C/min, an amount of 2,4-FDCA DME
units as little as 10 wt % is enough to make it impossible for
the crystals to nucleate and grow upon heating from the glassy
state. This proves that the incorporation of 2,4-FDCA-based
repeating units is a highly efficient method for disrupting the
crystallization of 2,5-FDCA-based units and represents a smart,
sustainable, and relatively easy solution for controlling the
crystallinity degree of PEFs whenever it significantly affects the
targeted performances (transport properties, brittleness, and
transparency). Based on the work by Bourdet et al.,16 the use
of the 2,4-isomer associated with the 2,5-isomer to obtain
FDCA-based polyesters could proportionally affect the dipole
moment of the macromolecules, whatever the glycolic unit
may be. Interestingly, so far, no significant effects are observed
on the heat capacity step at the glass transition temperature
(ΔCp) (values are reported in Table 3), which was found to be
quite the same for all the considered polyesters. It would be
interesting to evaluate the degree of influence of the
intermolecular dipole-driven interactions (mostly related to
positional isomerism on the furan ring) and the backbone’s
flexibility (strictly related to the number of methylene groups
in the aliphatic glycolic subunit) on the molecular dynamics of
these polyesters along with the subsequent physical properties
(molecular relaxations, physical aging, etc.), the development
of controlled microstructures, and the overall performance
(mechanical properties, barrier properties, etc.).

■ CONCLUSIONS

This work reports the successful synthesis of copolyesters by
the melt polycondensation reaction using two isomers of
furandicarboxylic acid (2,5- and 2,4-FDCA) with linear glycols
having different lengths, which yielded polymers with
reasonably high molecular weights, good thermal stability,
and quite broad processing windows. The experimental results
obtained on these samples show that the incorporation of 2,4-
FDCA-based units into 2,5-PEF (and also into 2,5-PPF and
2,5-PBF) has a significant effect on the physical and thermal
properties of the final products, in particular, on the glass
transition temperature, on the aptitude to crystallize, and
therefore on the melting behavior. For instance, an amount of
2,4-FDCA DME as little as 5−10 mol % was shown to be
sufficient to completely disrupt the crystallization of the 2,5-
FDCA-based repeating units when EG is used to obtain PEF.
Interesting results are also obtained for the other furan-based
polyesters considered in this study, which suggests that
combining different proportions of the FDCA isomers with
different types of diols is an interesting route to fine-tune
polyesters with the desired properties for specific application
areas. This work also shows that the mixture of FDCA isomers
obtained from the Henkel disproportionation reaction can be
directly used for the polymerization process and provides
copolyesters that have similar properties compared to the ones
derived from physical mixtures of different isomers, which
proves the nonnecessity of time-consuming and expensive
purification steps.

■ EXPERIMENTAL SECTION

Materials. The dimethyl esters of 2,5- and 2,4-furandicarboxylate
(FDCA) and their mixtures were obtained from the Henkel reaction.
The experimental conditions, the catalyst used, the ratio of isomers
obtained, and their separation/purification procedures are described
in a previous publication.14 All the other chemicals, that is, ethylene
glycol (EG) (anhydrous, 99.8%, Sigma-Aldrich), 1,3-propanediol
(PDO) (≥99.6%, Sigma-Aldrich), 1,4-butanediol (BDO) (≥99%,
Sigma-Aldrich), titanium(IV) isopropoxide (≥97%, Sigma-Aldrich),
o-xylene (anhydrous, 97%, Sigma-Aldrich), trifluoroacetic acid (99%,
Sigma-Aldrich), chloroform (Merck, p.a.), methanol (Merck, p.a.),
chloroform-d (99.8 at. % D, Sigma-Aldrich), and trifluoroacetic acid-d
(99%, Sigma-Aldrich), were used as received unless otherwise
denoted.

General Polycondensation Procedure for 2,5/2,4-FDCA-Me
and Linear Diol Copolyesters. Polycondensation reactions were
conducted in 100 mL three-neck round-bottom flasks equipped with a
mechanical overhead stirrer, an inlet for gaseous nitrogen, and a
Liebig condenser. Dimethyl furandicarboxylate (1.5 g, 8.14 mmol)
and diols (moles and ratios of each diol are given in Table 1) were
charged into the reaction flask. The setup was placed under vacuum
and purged with gaseous nitrogen, and this cycle was repeated three
times. The polycondensation method involves two stages. During the
first stage, the reaction was carried out under gaseous nitrogen to
form oligomers. The reaction mixture was heated in a DrySyn at 125
°C for 15 min with constant stirring. After observing the complete
melt of the mixture, the catalyst Ti(OiPr)4 (0.10 mmol) in 2.5 mL of
o-xylene was added into the flask under a continuous flow of nitrogen.
The temperature was then increased to 160 °C, and the mixture was
stirred for 12 h. Then, the temperature was finally increased to 215−
220 °C for 1.5−2 h to complete the first stage of prepolymerization;
after which, methanol and o-xylene were collected in the cooling flask.
In the second stage of the polycondensation, vacuum was gradually
applied (reaching 0.02 mbar) at 215−220 °C for 3 h to obtain high-
molecular weight polyesters. After completion of the reaction, the
mixture was cooled down to room temperature under a nitrogen
atmosphere. The polymer was purified by dissolving it in 10 mL of a
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chloroform/TFA mixture (6:1) and precipitated in 100 mL of
methanol, filtered, and dried in vacuum at 40 °C for 12 h to yield a
white powder.
Methods for Characterization. Fourier transform infraRed

(FTIR) spectra were obtained on a Varian Scimitar 1000 FTIR
spectrometer equipped with a Pike MIRacle ATR Diamond/ZnSe
single reflection plate and a DTSG detector. The measurement
resolution was set at 4 cm−1, and the spectra were collected in the
range of 4000−650 cm−1 with 32 co-added scans. Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker Advance III
spectrometer operating at 400.17 MHz (1H) and 100.62 MHz (13C).
The absolute molecular weight of the polyesters was determined by
gel permeation chromatography (GPC) on a Viscotek HP-SEC
system, VE-2001 GPC max (pump and auto sampler) equipped with
TDA305 triple detector array (right-angle light scattering (RALS),
low-angle light scattering (LALS), and refractive index (RI) detector
and viscometer), a 2× GPC column (PSS, PFG, analytical, linear M),
and a guard column, molecular range of 250−2.5 × 106 D (PMMA in
HFIP). Data were calculated with OmniSECTM software (version
4.6). Hexafluoroisopropanol (HFIP) containing 0.02 M potassium
trifluoroacetate was used as the eluent with a flow rate of 0.7 mL
min−1. Control measurements were performed with EasiVial PMMA
standards from Agilent. The thermal stability of the polyesters was
determined by modulated-temperature thermogravimetric analysis
(MT-TGA) by heating the samples from room temperature to 600 °C
at 2 °C/min with a continuous amplitude modulation of ±5 °C and a
period of 200 s under a continuous flow of gaseous nitrogen (25 mL/
min). Prior to characterization, all the freshly prepared samples were
dried for 3 days at Tg + 15 °C (i.e., 95 °C for the samples in the EG
series, 65 °C for the samples in the PDO series, and 55 °C for the
samples in the BDO series) and stored in a desiccator over P2O5 until
measurement. Differential scanning calorimetry (DSC) curves were
recorded on a power-compensation PerkinElmer Diamond DSC
during temperature ramps from −60 to 230 °C at a heating and
cooling rate of 10 °C min−1. A heat-flow Q2000 DSC (TA
Instruments) equipped with a RCS90 intracooler was also used to
characterize samples encapsulated in standard aluminum pans,
previously melted at 240 °C in 2 min on the hot stage of a hydraulic
manual press (SPECAC 25 T), and finally quenched on a cold metal
plate. Standard sapphires were used for energy calibration, and
standard indium (Tm = 156.6 °C, ΔHm = 28.66 J/g) was used for heat
flow and temperature calibrations. The DSC cell was purged with a
continuous flow of gaseous nitrogen (50 mL/min). The samples in
their fully amorphous state were analyzed with the following program:
equilibrate at 0 °C for temperature stabilization followed by a heating
ramp from 0 to 250 °C at 10 K min−1 to reach the molten state and
an isothermal step during 1 min at 250 °C for temperature
homogenization in the melt then a cooling ramp at the highest
achievable rate (ballistic quenching) down to 0 °C and an isothermal
step during 2 min at 0 °C for temperature stabilization and finally a
heating ramp until 250 °C at 10 K min−1 for measurement.
Poly(ethylene-2,5-furandicarboxylate) (2,5-PEF). FTIR (neat): υ

= 3126, 2966, 1722, 1582, 1269, 1021, 969, 829, 763 cm−1; 1H NMR
(400 MHz, CDCl3 + CF3COOD): δ = 7.3 (s, 2H), 4.7 (s, 4H) ppm;
13C NMR (100 MHz, CDCl3 + CF3COOD): δ = 159.5, 146.1, 121.1,
63.7 ppm.
Polyethylene(2,5-[95]-2,4-[05]-furandicarboxylate) (PE-2,5[95]-

2,4[05]-F). FTIR (neat): υ = 3128, 2965, 1717, 1581, 1265, 1221,
1130, 1019 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.21 (s, 1H), 7.57 (s, 1H), 7.28 (s, 2H), 4.70 (s, 8H) ppm; 13C NMR
(100 MHz, CDCl3 + CF3COOD): δ = 158.8, 146.7, 119.8, 63.4.
Polyethylene(2,5-[90]-2,4-[10]-furandicarboxylate) (PE-2,5[90]-

2,4[10]-F). FTIR (neat): υ = 3125, 2963, 1718, 1582, 1265, 1222,
1132, 1020 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.28−8.20 (m, 1H), 7.63−7.57 (m, 1H), 7.32 (d, J = 7.3 Hz, 2H),
4.73 (d, J = 7.2 Hz, 8H) ppm; 13C NMR (100 MHz, CDCl3 +
CF3COOD): δ = 159.3, 146.1, 120.0, 63.6.
Polyethylene(2,5-[85]-2,4-[15]-furandicarboxylate) (PE-2,5[85]-

2,4[15]-F). FTIR (neat): υ = 3124, 1719, 1582, 1265, 1222, 1132,
1020 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ = 8.21 (s,

1H), 7.56 (s, 1H), 7.28 (s, 2H), 4.79−4.59 (m, 8H) ppm; 13C NMR
(100 MHz, CDCl3 + CF3COOD): δ = 158.8, 146.1, 119.8, 63.4.

Polyethylene(2,5-[75]-2,4-[25]-furandicarboxylate) (PE-2,5[75]-
2,4[25]-F). FTIR (neat): υ = 313, 2962, 1713, 1582, 1260, 1220,
1124, 1018 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.21 (s, 1H), 7.56 (s, 1H), 7.29 (s, 2H), 4.69 (s, 8H) ppm; 13C NMR
(100 MHz, CDCl3 + CF3COOD): δ = 162.9, 159.0, 158.8, 151.9,
146.1, 120.2, 119.8, 118.3, 63.5, 63.4.

Polyethylene(2,5-[50]-2,4-[50]-furandicarboxylate) (PE-2,5[50]-
2,4[50]-F). FTIR (neat): υ = 3142, 2963, 1718, 1585, 1261, 1224,
1132, 1080 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.13 (s, 1H), 7.48 (s, 1H), 7.23 (s, 2H), 4.72−4.51 (m, 8H) ppm; 13C
NMR (100 MHz, CDCl3 + CF3COOD): δ = 161.3, 157.5, 157.4,
150.6, 150.6, 146.4, 145.0, 120.5, 118.9, 117.5, 62.8, 62.7, 62.4.

Polyethylene(2,5-[25]-2,4-[75]-furandicarboxylate) (PE-2,5[25]-
2,4[75]-F). FTIR (neat): υ = 3145, 1720, 1589, 1259, 1195, 1134,
1079 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ = 8.22 (d,
J = 2.6 Hz, 1H), 7.58 (t, J = 1.1 Hz, 1H), 7.30 (d, J = 1.3 Hz, 2H),
4.77−4.59 (m, 8H) ppm; 13C NMR (100 MHz, CDCl3 +
CF3COOD): δ = 161.7, 157.8, 157.6, 150.7, 150.6, 144.8, 144.7,
143.2, 118.8, 118.5, 117.0, 62.2, 62.1, 61.8.

Poly(ethylene-2,4-furandicarboxylate) (2,4-PEF). FTIR (neat): υ
= 3142, 2960, 1726, 1591, 1264, 1080, 978, 868, 760 cm−1; 1H NMR
(400 MHz, CDCl3 + CF3COOD): δ = 8.2 (s, 1H), 7.6 (s, 1H), 4.7
(d, 4H) ppm; 13C NMR (100 MHz, CDCl3 + CF3COOD): δ = 163.8,
160.0, 152.7, 144.8, 120.4, 118.8, 63.9, 63.6 ppm.

Polyethylenefurandicarboxylate [Henkel Mixture A] (PEF-2,5/
2,4[H.M-A]). FTIR (neat): υ = 3131, 2963, 1717, 1583, 1263, 1222,
1130, 1020 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.20 (s, 1H), 7.55 (s, 1H), 7.28 (s, 2H), 4.69 (s, 8H) ppm; 13C NMR
(100 MHz, CDCl3 + CF3COOD): δ = 160.1, 159.7, 159.3, 158.8,
158.7, 146.2, 119.7, 115.7, 112.9, 63.4, 63.4.

Polyethylenefuradicarboxylate [Henkel Mixture B] (PEF-2,5/
2,4[H.M-B]). FTIR (neat): υ = 3129, 2964, 1720, 1582, 1265, 1222,
1132, 1020 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.21 (s, 1H), 7.56 (s, 1H), 7.29 (s, 13H), 4.70 (s, 27H) ppm; 13C
NMR (100 MHz, CDCl3 + CF3COOD): δ = 160.5, 160.0, 159.6,
159.2, 158.8, 146.2, 119.8, 115.7, 112.9, 63.4, 47.1.

Poly(propylene-2,5-furandicarboxylate) (2,5-PPF). FTIR (neat):
υ = 3121, 2950, 1723, 1581, 1272, 1035, 967, 828, 765 cm−1; 1H
NMR (400 MHz, CDCl3 + CF3COOD): δ = 7.5 (s, 2H), 4.7 (t, 4H),
2.4 (q, 2H) ppm; 13C NMR (100 MHz, CDCl3 + CF3COOD): δ =
154.6, 141.0, 114.6, 57.8, 22.0 ppm.

Polypropylene(2,5-[50]-2,4-[50]-furandicarboxylate) (PP-2,5[50]-
2,4[50]-F). FTIR (neat): υ = 3136, 2964, 1710, 1583, 1258, 1222,
1125, 1074, 1018 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD):
δ = 8.23 (s, 1H), 7.58 (s, 1H), 7.31 (s, 2H), 4.87−4.29 (m, 8H), 2.28
(h, J = 6.5 Hz, 4H) ppm; 13C NMR (100 MHz, CDCl3 +
CF3COOD): δ = 163.8, 159.8, 159.7, 151.9, 146.2, 144.7, 120.3,
119.7, 118.1, 63.0, 62.4, 27.4.

Poly(propylene-2,4-furandicarboxylate) (2,4-PPF). FTIR (neat):
υ = 3143, 2958, 1718, 1590, 1260, 1076, 978, 827, 760 cm−1; 1H
NMR (400 MHz, CDCl3 + CF3COOD): δ = 8.2 (s, 1H), 7.5 (s,1H),
4.5 (m, 4H), 2.2 (m, 2H) ppm; 13C NMR (100 MHz, CDCl3 +
CF3COOD): δ = 163.7, 159.8, 151.9, 144.7, 120.4, 118.4, 62.9, 62.4,
27.4 ppm.

Polypropylenefurandicarboxylate [Henkel Mixture A] (PPF-2,5/
2,4[H.M-A]). FTIR (neat): υ = 3128, 2964, 1710, 1582, 1263, 1220,
1124, 1078, 1018 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD):
δ = 8.22 (d, J = 2.4 Hz, 1H), 7.56 (d, J = 2.5 Hz, 1H), 7.28 (d, J =
15.3 Hz, 2H), 4.88−4.27 (m, 8H), 2.28 (h, J = 6.5 Hz, 4H) ppm; 13C
NMR (100 MHz, CDCl3 + CF3COOD): δ = 162.0, 158.0, 144.7,
118.8, 118.1, 116.5, 61.3, 60.8, 25.8.

Polypropylenefurandicarboxylate [Henkel Mixture B] (PPF-2,5/
2,4[H.M-B]). FTIR (neat): υ = 3125, 2968, 1715, 1582, 1268, 1222,
1133, 1080, 1021 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD):
δ = 8.20 (d, J = 3.2 Hz, 1H), 7.54 (d, J = 3.2 Hz, 1H), 7.28 (s, 2H),
4.54 (t, J = 6.1 Hz, 8H), 2.27 (h, J = 7.3, 6.6 Hz, 4H) ppm; 13C NMR
(100 MHz, CDCl3 + CF3COOD): δ = 160.3, 159.9, 159.5, 159.2,
146.3, 119.5, 115.7, 112.9, 62.8, 47.1, 27.5.
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Poly(butylene-2,5-furandicarboxylate) (2,5-PBF). FTIR (neat): υ
= 3120, 2965, 1730, 1579, 1274, 1023, 968, 824, 768 cm−1; 1H NMR
(400 MHz, CDCl3 + CF3COOD): δ = 7.3 (s, 2H), 4.4 (m, 4H), 1.9
(m, 4H) ppm; 13C NMR (100 MHz, CDCl3 + CF3COOD): δ =
159.1, 145.3, 118.6, 65.3, 23.6 ppm.
Polybutylene(2,5-[50]-2,4-[50]-furandicarboxylate) (PB-2,5[50]-

2,4[50]-F). FTIR (neat): υ = 3143, 2958, 1711, 1583, 1262, 1128,
1075, 1019 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.09 (s, 1H), 7.45 (s, 1H), 7.18 (s, 2H), 4.66−3.95 (m, 8H), 1.81 (tt,
J = 6.8, 3.6 Hz, 8H) ppm; 13C NMR (100 MHz, CDCl3 +
CF3COOD): δ = 162.0, 158.4, 158.1, 149.78, 144.3, 142.8, 118.4,
117.6, 115.9, 64.1, 63.7, 22.7.
Poly(butylene-2,4-furandicarboxylate) (2,4-PBF). FTIR (neat): υ

= 3139, 2964, 1720, 1588, 1262, 1078, 979, 864, 761 cm−1; 1H NMR
(400 MHz, CDCl3 + CF3COOD): δ = 8.2 (s, 1H), 7.5 (s, 1H), 4.4
(d, 4H), 1.9 (s, 4H) ppm; 13C NMR (100 MHz, CDCl3 +
CF3COOD): δ = 163.8, 162.4, 150.1, 143.1, 118.7, 116.3, 64.4, 64.0,
23.0 ppm.
Polybutylenefurandicarboxylate [Henkel Mixture A] (PBF-2,5/

2,4[H.M-A]). FTIR (neat): υ = 3118, 2964, 1721, 1581, 1272, 1225,
1142, 1079, 1031 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD):
δ = 8.31−8.18 (m, 1H), 7.66−7.51 (m, 1H), 7.40−7.27 (m, 2H),
4.91−4.04 (m, 8H), 2.51−1.58 (m, 8H) ppm; 13C NMR (100 MHz,
CDCl3 + CF3COOD): δ = 160.2, 151.9, 146.3, 119.7, 66.4, 24.6.
Polybutylenefurandicarboxylate [Henkel Mixture B] (PBF-2,5/

2,4[H.M-B]). FTIR (neat): υ = 3119, 2963, 1715, 1270, 1224, 1134,
1078, 1022 cm−1; 1H NMR (400 MHz, CDCl3 + CF3COOD): δ =
8.11 (s, 1H), 7.45 (s, 1H), 7.19 (s, 2H), 4.35 (d, J = 5.4 Hz, 8H),
2.22−1.43 (m, 8H) ppm; 13C NMR (100 MHz, CDCl3 +
CF3COOD): δ = 160.4, 159.9, 159.5, 159.5, 159.1, 146.4, 119.4,
115.7, 112.9, 65.9, 47.1, 24.9.
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Résumé 

L'objectif de ce travail est d'explorer pour la première fois certaines propriétés physiques 

d'une nouvelle génération de copolyesters obtenus à partir d'un mélange physique de deux 

isomères : l’acide-2,5-furandicarboxylique (2,5-FDCA) et l’acide-2,4-furandicarboxylique (2,4-

FDCA). 

L’isomère 2,5-FDCA est aujourd’hui le plus étudié, car il est utilisé pour obtenir le Poly 

(Ethylène-2,5-Furanoate) (2,5-PEF), qui est le meilleur candidat biosourcé pour remplacer le 

géant de l'industrie plastique, le Poly (Ethylène-Téréphtalate) (PET). Son isomère, le 2,4-FDCA, 

a aussi été étudié puisqu’il permet d’obtenir le Poly (Ethylène-2,4-Furanoate) (2,4-PEF), qui 

possède une cinétique de cristallisation extrêmement lente. Il a été montré que la 

combinaison de ces deux isomères permet d’obtenir des copolymères ayant des propriétés 

ajustées et contrôlées. 

Les dynamiques de relaxation moléculaire dans la phase amorphe, aussi bien localisées que 

coopératives, ont été étudiées dans une large gamme de fréquences et températures, selon 

les approches caractéristiques de l’étude des liquides formateurs de verre. Ensuite, l’étude a 

été orientée vers l'influence de la position du groupe carbonyle sur le furane sur l’aptitude à 

cristalliser et les cinétiques de cristallisation. Plusieurs techniques expérimentales ont été 

utilisées : calorimétrie différentielle à balayage (DSC), calorimétrie différentielle à balayage 

avec modulation de température (MT-DSC), spectroscopie de relaxation diélectrique (DRS) et 

mesure des courants de dépolarisation thermostimulés (TSDC). 

 

Mots-clés : 2,5-PEF, 2,4-PEF, copolyesters, transition vitreuse, dynamiques moléculaires, 

cinétiques de cristallisation. 

Abstract 

This work explored for the first time some physical properties of a new generation of 

copolyesters obtained from physical mixtures of two isomers: 2,5-furandicarboxylic acid (2,5-

FDCA) and 2,4-furandicarboxylic acid (2,4-FDCA).  

The 2,5-FDCA isomer is the most studied today because it is used to obtain Poly (Ethylene-2,5-

Furanoate) (2,5-PEF), which is the best bio-based candidate to replace the giant of the plastic 

industry, Poly (Ethylene-Terephthalate) (PET). The 2,4-FDCA isomer has also been studied 

because it can be used to obtain Poly (Ethylene-2,4-Furanoate) (2,4-PEF), with an extremely 

slow kinetics of crystallization. It has been shown that the combination of these two isomers 

allows to obtain copolymers with adjusted and controlled properties. 

The dynamics of molecular relaxation in the amorphous phase, both localized and 

cooperative, have been studied over a wide range of frequencies and temperatures, according 

to approaches typically used to study glass-forming liquids. Then, the investigation was 

directed towards the influence of the position of the carbonyl group on the furan ring on the 

ability to crystallize and the kinetics of crystallization. Several experimental techniques have 

been used: differential scanning calorimetry (DSC), modulate-temperature differential 

scanning calorimetry (MT-DSC), dielectric relaxation spectroscopy (DRS) and measurement of 

thermos-stimulated depolarization currents (TSDC). 

 

Keywords: 2,5-PEF, 2,4-PEF, copolyesters, glass transition, molecular dynamics, crystallization 

kinetics. 
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