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ABSTRACT. The temperature dependence of the constrained amorphous interphase or rigid 

amorphous fraction (RAF) in bio-based semi-crystalline poly(ethylene 2,5-furandicarboxylate) 

(PEF) was assessed. RAF, which is located in proximity of the basal crystal planes, was found 

to develop in parallel with the crystal phase during crystallization at the lowest investigated 

Tcs, i.e. 130 and 140 °C, at which the less stable '-crystalline phase grows. At higher Tcs, RAF 

does not vitrify during crystallization, but only upon the subsequent cooling down to Tg. The 

rigid amorphous fraction at Tg increases by decreasing the crystallization temperature, ranging 

approximately from 15 to 25%. This information is useful for the development of PEF 

products, since many RAF physical properties, for example mechanical and barrier properties, 

are different from those of the amorphous fraction far from the crystals. RAF decreases with 

increasing temperature, and becomes zero around 150 °C. The same temperature limit of 150 

°C was found to influence the reversing crystallization/melting process at the lateral crystal 

surfaces, as well as the crystallization rate, which reaches its maximum at temperatures above 

150 °C. In addition, singularly, the more ordered crystalline -form was found to grow only at 

temperatures higher than 150 °C. The total absence of constraints on the amorphous segments 

mobility, identified at temperatures higher than 150 °C, also favors additional crystallization 

upon heating in the PEF samples crystallized at low Tcs, with also -crystals development. The 

densities of the RAF connected to '- and -crystals were estimated at room temperature.  

 

1. INTRODUCTION 

In the latest years, furandicarboxylate-based polyesters have been a topic of great interest 

to both academic and industrial researchers, due to their bio-based aromatic nature and the 

excellent mechanical and barrier properties [1-34]. In particular, poly(ethylene 2,5-

furandicarboxylate) (PEF) has been widely investigated as bio-based substitute of the 
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petroleum-based counterpart poly(ethylene terephthalate) (PET). The PEF glass transition is 

about 10 °C higher than that of PET, which is useful for heat resistant packaging, whereas the 

melting temperature is approximately 40 °C lower than that of PET, which facilitates extrusion 

and blow molding processes [34]. It is well known that PEF exhibits higher elastic modulus 

and remarkably better barrier properties with respect to PET [2-4]. These peculiarities of PEF 

have been associated to higher chain rigidity, which causes suppression of local motions [3,19], 

and to helical chain conformations of the amorphous segment, stabilized by -  stacking of 

the furan rings [19,28].  

The crystal structure of PEF was investigated, and polymorphism was identified 

[10,11,13,20,33]. Depending on the crystallization temperature, a more disordered and a more 

ordered crystal phases (' and  respectively) were identified at Tc < 160 °C and Tc > 160 °C, 

respectively [10,11,26], whereas a different crystal structure (-form) was observed in samples 

crystallized from solution [11]. Monoclinic structures were derived for both the -phase [13] 

and the less stable '-phase [20]. Upon stretching, an additional crystalline structure, different 

from the '- and -forms, was identified, and associated to chain organization in extended form 

[26]. 

It is known that the synthesis of PEF presents some criticalities, also connected to the side 

reactions of ethylene glycol, which tend to overbalance the stoichiometric ratios. To limit this 

drawback, different catalysts have been used for the synthesis of PEF starting from 2,5-furan 

dicarboxylic acid (FDCA): tetrabutyl titanate (TBT) resulted to be the most effective catalyst 

in terms of achieved molecular weight [30]. Titanium-based catalysts are also largely used for 

the PEF synthesis starting from dimethyl-2,5-furan dicarboxylate ester [2,6,7,18]. Ethylene 

glycol excess is generally utilized, as well as moderately high catalyst amount. The high 

amount of diol allows to reduce the polymerization times and reach a higher polymerization 

degree but, at the same time, causes an increment in the content of diethylene glycol 
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furandicarboxylate (DEGF) units along the polymeric chain, as a consequence of the 

etherification side reactions [7,18,27,30]. DEGF contents ranging from 0.5 to 5 % have been 

reported in the literature, depending on the catalyst and synthesis conditions (as catalyst 

amount, time of its addition, ethylene glycol excess, temperature and time of polymerization, 

use of FDCA or dimethyl-2,5-furan dicarboxylate ester (DMFD) as starting material) 

[7,18,27,30]. Thus, many different variables contribute in a non-convergent way to the final 

amount of DEGF. The problem of the DEGF formation during polymerization, which is seldom 

considered [7,18,27,30], is actually crucial for the final characteristics of the material: in the 

case of PET, for instance, it leads to a decrement of melting temperature, glass transition 

temperature, crystallization rate and degradation resistance [35,36]. Regular chain composition 

favors crystallization, whereas chemical modification through copolymerization leads often to 

the rejection of the co-units from the crystal lattice, with the result that the amorphous segments 

mobility changes far away from the crystals, but also in proximity of the crystals, due to the 

counits accumulation at the amorphous/crystal boundary [37]. In any case, the overall phase 

composition is modified by the presence of comonomers. 

A complete description of the phase structure of semi-crystalline polymers is a crucial 

condition for a correct comprehension and prediction of many properties of these materials. In 

the temperature range between the glass transition temperature (Tg) and the melting 

temperature (Tm), the solid fraction of most semi-crystalline polymers comprises, besides the 

crystalline phase, also a constrained or rigid amorphous fraction (RAF), located at the 

amorphous/crystal boundary close to the lamellae basal planes [38,39]. This constrained 

amorphous interphase, which arises from irregular and non-adjacent chain folding, is made up 

of amorphous loops with various length and tie chains connecting different lamellae. The rigid 

amorphous fraction is characterized by reduced chain mobility with respect to the bulk 

amorphous phase, because of the connection to the crystalline regions by covalent bonds. By 
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taking into account this interphase, semi-crystalline polymers belong to the wide class of 

nanostructured polymeric materials, as nanolayered polymers, nanoconfined polymers, 

polymeric nanocomposites, block copolymers [40]. All these materials contain nanometric 

interphases or nanophases with segmental mobility different from the bulk amorphous phase. 

Presence or absence of covalent bonds, interactions [41] and/or adsorption [42] can lead to a 

Tg -increase, i.e. a slowing down of segmental dynamics, or Tg -decrease, i.e. acceleration of 

segmental dynamics.  

Recent studies proved that RAF vitrification can occur during crystallization, especially 

at low temperatures, but also after crystallization, upon cooling to Tg [43-45], due to the reduced 

chain mobility and stresses not completely released at the crystal surfaces. RAF percentages 

up to about 20-30 wt% have been calculated for several polymers at Tg [39]. These high values 

prove how important the RAF quantification is, mainly because many physical properties of 

the rigid amorphous fraction are different from those of the unconstrained or mobile amorphous 

fraction (MAF), which vitrifies/devitrifies at Tg [46-55]. This means that the rigid amorphous 

fraction, if present in high percentage, can influence also macroscopic properties, as for 

example mechanical and gas permeability properties. As regards the mechanical properties, 

experimental evidences and theoretical modelling have demonstrated that the elastic modulus 

of the RAF (ERA) is lower than that of the crystal phase (EC), but higher than that of the mobile 

amorphous fraction (EMA), in the order EMA <ERA <EC [47-49]. Conversely, the density of the 

RAF (RA) is lower than that of the MAF (MA) [50-52], as the RAF vitrification /devitrification 

occurs at higher temperatures, where the density is lower [50,53]. This means that the rigid 

amorphous fraction has an unfavorable influence on the barrier properties, by nullifying the 

positive effect of the crystalline regions [54,55].   

The existence of a rigid amorphous fraction in semi-crystalline PEF samples has been 

reported in the literature [10,15,17]. The rigid amorphous fraction is commonly calculated at 
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Tg, and not during the crystallization process, which generally occurs at much higher 

temperatures. The exact evolution of this PEF nanophase as a function of temperature has never 

been assessed. Thus, the present study aims precisely to determine how temperature influences 

the rigid amorphous fraction in PEF. These results will be useful for a better prediction of PEF 

properties in relation to specific applications. 

For this study, a PEF sample prepared with a common catalyst and characterized by a quite 

low percentage of DEGF units was utilized, to limit, as much as possible, the influence of 

counits on the evolution and properties of the PEF phase composition. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

Poly(ethylene furandicarboxylate) (PEF) was prepared according to a synthesis procedure 

already described in the literature [5,6], but with different times, temperatures and molar ratios, 

to obtain low DEGF content. Synthesis and purification are reported in the Supplementary 

Data. Chemical characterization, as described in the Supplementary Data, demonstrated that 

the weight-average molecular weight (Mw) was 42300, the polydispersity index 2.4, and the 

molar percentage of DEGF units 2.8%.  

2.2. Thermal analysis by Differential Scanning Calorimetry (DSC) and Temperature-

Modulated Differential Scanning Calorimetry (TMDSC) 

Thermal analysis was performed by means of a Perkin Elmer Calorimeter DSC 8500, 

equipped with an IntraCooler III as refrigerating system. The instrument was calibrated in 

temperature with high purity standards (indium, naphthalene, cyclohexane) according to the 

procedure for standard DSC [56]. Enthalpy calibration was performed with indium. Dry nitrogen 

was used as purge gas at a rate of 20 mL min-1. To gain precise heat capacity data from the heat 

flow rate measurements, each scan was accompanied by a blank run with an empty pan. The 
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sample mass was lower than 10 mg, whereas the mass of the blank and sample aluminum pans 

matched within 0.02 mg. The temperature of the samples upon heating was corrected for the 

thermal lag, determined as average by using different standard materials. This lag was 0.05 

min, which, for the heating rates of 2, 10, 20 and 40 K min-1, corresponds to a temperature 

correction of -0.1. -0.5, -1.0 and -2.0 K respectively. 

Before each analysis, the PEF samples were heated to 250 °C at 20 K min-1 and then 

maintained at this temperature for 2 min in order to erase the thermal history. Preliminary tests 

were performed by changing the maximum melting temperature and the residence time (2 min 

at 250 °C, 5 min at 250 °C and 2 min at 255 °C), and checking the melting behavior after 

isothermal crystallization at various temperatures: differences were not observed (see Figure 

S2 of the Supplementary Data).  

The thermodynamic solid and liquid specific heat capacities (cp,s and cp,l) were measured 

at 10 K min-1 after fast cooling from 250 °C, to obtain totally amorphous PEF samples. 

However, a rate of -10 K min-1 was found sufficient to avoid PEF crystallization upon cooling. 

Isothermal crystallizations in the temperature range 130 ≤ Tc ≤ 190 °C were performed 

after quick cooling from 250 °C. The samples were crystallized for times sufficient to obtain 

the levelling of the heat flow rate signal after the exothermal peak (180 min at 130 °C, 120 min 

at 140 °C, 90 min at 150 °C, 60 min at 160 and 170 °C, 90 min at 180 °C, and 150 min at 190 

°C). The heat evolved during crystallization as a function of time (t) was recorded and the 

fraction of polymer crystallized after time t (xC(t)) was calculated as the ratio between the heat 

generated up to time t and the total heat developed during the entire phase transformation (0 ≤ 

xC(t) ≤ 1).  

The melting behavior subsequent to complete isothermal crystallization in the temperature 

range 130 ≤ Tc ≤ 190 °C was investigated by heating the PEF samples at 10 K min-1 directly 

from Tc and after fast cooling to 20 °C, to obtain apparent specific heat capacity (cp,app) curves. 
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Perfect overlapping of the cp,app curves recorded from Tc and after cooling was observed in the 

melting temperature range. The melting behavior after crystallization at Tc = 130, 140, 150 and 

180 °C was investigated also at different heating rates (2, 20 and 40 K min-1) from the 

corresponding Tcs. 

The amorphous and the semi-crystalline samples crystallized at 130 ≤ Tc ≤ 190 °C were 

also analyzed, after fast cooling, from 20 °C by TMDSC, with a saw-tooth modulation 

temperature program, at the average heating rate of 2 K min-1, temperature amplitude (AT) of 

1.0 K and modulation periods (p) of 60, 96, and 120 s, to obtain average specific heat capacity 

(cp,ave) curves and reversing specific heat capacity (cp,rev) curves. According to the mathematical 

treatment of TMDSC data, the modulated heat flow rate curve can be approximated to discrete 

Fourier series, and separated into average and periodic components [57,58]. The average 

component is equivalent to the conventional heat flow rate signal under linear temperature 

program. Thus, the cp,ave curve, calculated from the average heat flow rate at the average heating 

rate of 2 K min-1, corresponds to cp,app upon linear heating rate of 2 K min-1. Conversely, from 

the periodic component, the cp,rev curve was obtained, according to the following equation: 

𝑐p,rev(ω, 𝑇, 𝑡) =
𝐴HF(𝑇, 𝑡)

𝐴T(𝑇, 𝑡)

𝐾(ω)

𝑚ω
 

(1) 

where AHF and AT are the amplitudes of the first harmonic of the modulated heat flow and 

temperature, respectively,  is the fundamental frequency of temperature modulation ( = 

2/p), m the mass of the sample and K() the frequency-dependent calibration factor. The K() 

value, determined by calibration with sapphire, was 1.06±0.02 for p = 60 s, and 1.00 ± 0.02 for 

p = 96 and 120 s. Quasi-isothermal crystallizations of PEF were also performed by TMDSC at 

Tc = 130, 140, 150 and 180 °C, by using a saw-tooth modulation temperature program, with AT 

of 1.0 °C and modulation periods of 60, 96 and 120 s.  
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2.3. X-ray Diffraction (XRD) analysis  

XRD analysis were carried out at Troom with a Bruker AXS D8 ADVANCE Plus 

diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) in Bragg-Brentano geometry and 

Cu-Kα radiation ( = 0.154 nm). The data were collected using 0.05 °/step and 10 s/step; with 

2 ranging from 5 to 35°. Crystallinity degree was calculated from the ratio between the 

integrated scattering of the crystalline peaks and the total one (crystalline and amorphous), 

AC/ATOT, following the application of the least-squares fit procedure elaborated by Hindeleh 

and Johnson [59]. Air and incoherent scattering were considered. Topas 6 software 

(Diffrac.Suite, Bruker) was used for the determination of the crystallinity degree, the peak 

profile was simulated by a Pearson VII function, a Chebyshev function with two parameters 

was used for the background. The amorphous profile was calculated starting from the position 

and shape of the calculated pattern of a totally amorphous sample obtained after fast cooling 

from the melt, and scaling it appropriately on each pattern of the different PEF samples.  

2.4. Density measurements  

Density measurements of amorphous and semi-crystalline PEF samples were performed 

by means of a Micromeritics AccuPyc II 1340 helium pycnometer. The density values, 

determined at 20°C, were obtained as the average of 10 measurements. 

 

3. RESULTS AND DISCUSSION 

3.1. Thermodynamic specific heat capacity of PEF 

For an accurate evaluation of the MAF and RAF temperature dependence, the 

thermodynamic solid and liquid specific heat capacities (cp,s and cp,l) of PEF were measured. 

Figure 1 shows the apparent specific heat capacity (cp,app) of initially amorphous PEF measured 

on heating at 10 K min-1, together with the average specific heat capacity (cp,ave) and the 

reversing specific heat capacity (cp,rev) from TMDSC heating scans at different modulation 
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periods (p = 60, 96 and 120 s) and the average heating rate of 2 K min-1. The thermodynamic 

solid and liquid specific heat capacities (cp,s and cp,l) lines were constructed by extrapolating 

the cp,app, cp,ave and cp,rev data from below the glass transition, and by connecting linearly the 

melt to the region above Tg, respectively. The derived cp,s and cp,l expressions were: cp,s = 

0.99+0.0034(T-273) and cp,l = 1.58+0.0013(T-273), with cp,s and cp,l in J g-1 K-1 and T in K 

(estimated error: ± 0.02 J g-1 K-1). 

 

Fig. 1. Apparent specific heat capacity (cp,app, red line) at 10 K min-1, average specific heat capacity (cp,ave, 

black lines) and reversing specific heat capacity (cp,rev, green lines) at 2 K min-1 and various modulation 

periods (p = 60 s: solid lines, p = 96 s: dashed lines, p = 120 s: dotted lines) of amorphous PEF. The 

straight black dotted lines are the thermodynamic solid and liquid specific heat capacities (cp,s and cp,l). 

 

The glass transition temperature (Tg) is centered at 83 and 85 °C upon heating at 2 and 10 

K min-1, respectively, and the corresponding specific heat capacity increment (cp,a) is 0.41 J 

g-1 K-1. The dynamic glass transition, which is observed when the modulation period is equal 

to the timescale of the cooperative segmental motions, is recognizable from the cp,rev curves at 

temperatures higher than the corresponding thermal glass transition, which is defined by the 

cp,ave curves [60].  
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At temperatures higher than 140 °C, the amorphous PEF undergoes a cold crystallization 

process, which is more intense at the heating rate of 2 K min-1 and barely detectable at 10 K 

min-1. At 2 K min-1 the cold crystallization peak is centered at about 160 °C. The cold crystal 

growth is accompanied by a reversing melting process, which starts at about 150 °C and 

extends up to complete fusion. The reversing heat capacity (cp,rev) originates from 

melting/recrystallization processes that can be reversed by temperature modulation. The higher 

the modulation period, the larger the portions of crystalline regions that melt during the heating 

semi-periods and recrystallize in the subsequent cooling semi-periods, and, as a consequence, 

the higher the cp,rev value [38]. The melting peak at 2 K min-1 is centered at 215 °C.  

3.2. Crystallinity degree of PEF as a function of Tc 

Figure 2 collects the cp,app curves after isothermal crystallizations at 130 ≤ Tc ≤ 190 °C and 

fast cooling to below Tg. (The isothermal heat flow signals at the various Tcs are shown in 

Figure S3 and the corresponding crystallization half-times in Figure S4 of the Supplementary 

Data, whereas the glass transition region is discussed in a following section.) 

Fig. 2. Apparent specific heat capacity (cp,app) curves at 10 K min-1 (solid lines) after isothermal crystallization 

at various Tcs (for the curve colors, see legend in (B)). The black dotted lines are the thermodynamic solid and 

liquid specific heat capacities (cp,s and cp,l). The inset in (A) is an enlargement of the glass transition region. In 

(B), the cp,app curves in the melting region are shifted vertically for the sake of clearness. The ordinate values in 

(B) refers only to the bottom curve. 
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The melting behavior appears dependent on the crystallization temperature. Although it 

has already been described [10,33], it is here discussed again with the aim of quantifying the 

crystallinity degree as a function of Tc. Triple and double melting behaviors are exhibited by 

the PEF samples crystallized at Tc ≤ 160 °C and Tc > 160 °C, respectively [10]. The triple 

melting behavior was connected with the fusion of the less perfect '-crystals, which were 

assumed to grow at Tc < 160 °C. The three melting peaks were interpreted as due to fusion, in 

the order, of (i) secondary crystals, (ii) original primary crystals and (iii) recrystallized crystals 

[10,33]. Conversely, the double melting behavior for Tc > 160 °C was linked to the fusion of 

the more ordered -crystals, which develop at higher Tcs [10]. Due to their higher perfection, 

-crystals do not undergo recrystallization into a different crystalline population characterized 

by thicker lamellae, because at high temperature recrystallization rate decreases [61], with the 

result that the third melting peak disappears, as also reported for the counterpart PET after 

crystallization at high Tcs [62,63].  

Table 1. Crystallization temperature (Tc); glass transition temperature (Tg); melting temperature assumed as the 

peak temperature of the highest melting peak (Tm) measured at 10 K min-1; enthalpy of melting (Δhm) measured 

at 10 K min-1; crystalline weight fraction (wC
XRD) from XRD analysis; enthalpy of melting of 100% crystalline 

α-crystals at Tm (Δhm°); mobile amorphous weight fraction at Tg (wMA); rigid amorphous weight fraction at Tg 

(wRA) for PEF semi-crystalline samples (estimated errors: ± 0.5 for Tg; ± 0.2 °C for Tm; ± 0.4 J g-1 for Δhm; ± 

0.02 for wC
XRD; ± 10 J g-1 for Δhm°; ± 0.02 for wMA,; ± 0.04 for wRAF). 

 

Tc 

[°C] 

 

Tg 

[°C] 

 

Tm 

[°C] 

 

Δhm 

[J g-1] 

 

wC
XRD 

 

Δhm°(Tm) 

[J g-1] 

 

wMA (Tg) 

 

wRA (Tg) 

130.0 89.5 211.8 40.9 0.25 - 0.50 0.25 

140.0 88.5 211.2 43.4 0.27 - 0.50 0.23 

150.0 87.5 210.7 45.0 0.29 - 0.49 0.22 

160.0 87.0 207.0 46.4 0.31 - 0.49 0.20 

170.0 86.5 209.2 48.0 0.33 145 0.48 0.19 

180.0 86.0 212.7 50.4 0.35 144 0.48 0.17 

190.0 85.0 216.5 52.8 0.37 143 0.48 0.15 
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Table 1 lists the measured enthalpy of melting (Δhm) calculated by applying a linear 

baseline between the respective Tcs and 225 °C, together with the corresponding peak 

temperature of the highest melting peak (Tm). The Δhm plot as a function of Tc (see Figure 

S5(A) of the Supplementary Data) shows a quite atypical trend, because Δhm appears 

proportionally higher after crystallization at Tc ≤ 150 °C. Also the peak temperature of the 

highest melting peak shows a discontinuity around Tc = 150 °C (see Figure S5(B) of the 

Supplementary Data). 

Table 2. Enthalpy of melting (Δhm) measured at different heating rates after isothermal crystallization at various 

Tcs (estimated error for Δhm: ± 0.4 J g-1) 

 

Tc 

[°C] 

 

Δhm (2 K min-1) 

[J g-1] 

 

Δhm (10 K min-1) 

[J g-1] 

 

Δhm (20 K min-1) 

[J g-1] 

 

Δhm (40 K min-1) 

[J g-1] 

130.0 45.8 40.9 39.4 39.6 

140.0 48.4 43.4 42.3 41.3 

150.0 48.2 45.0 44.6 43.7 

180.0 49.2 50.4 48.8 48.4 

 

To investigate if additional crystallization can be associated to the reorganization and 

recrystallization that generally occur upon heating, the melting behavior at different rates (2, 

10, 20, 40 K min-1) was investigated after isothermal crystallization at Tc = 130, 140, 150 and 

180 °C. Figure S6 of the Supplementary Data shows the resultant cp,app curves, with associated 

description (nonessential for the present study), whereas Table 2 collects the corresponding 

Δhm data. Table 2 shows that the enthalpy of melting of PEF samples crystallized at Tc = 130, 

140 and 150 °C increases significantly with reducing the heating rate, which suggests that 

further crystal growth occurs upon heating simultaneously to reorganization and 

recrystallization, although also crystal form transformation into the most stable -form cannot 

be ruled out. It is worth reminding that, if crystallization and melting occur in sequence during 
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a heating scan, the sum of enthalpy of crystallization plus enthalpy of melting is always higher 

than zero, due to the Δhm° increase with temperature [64]. Conversely, for the sample 

crystallized at Tc = 180 °C, the measured Δhm
 is approximately constant, which proves that the 

melting of enthalpy, and consequently the crystallinity degree, is heating rate independent. 

 
Fig. 3. XRD patterns at Troom of PEF samples after isothermal crystallization at the indicated Tcs. The thin curves 

are the experimental profiles, the thicker curves are the calculated intensities. The patterns have been scaled to 

obtain similar intensities of the reflection peaks. The black box highlights the main 2 region that differentiates 

'- and -crystals. For the condition Tc =130 °C, the scattering of the amorphous fraction (short dashed line) is 

also shown, as well as the background (dashed line). 

 

XRD analysis was performed to identify the crystalline forms that grow at the different 

Tcs and estimate the crystalline degree. Figure 3 shows the XRD profiles at Troom of the PEF 

samples crystallized at 130 ≤ Tc ≤ 190 °C. In agreement with literature data, the XRD profile 

of the sample crystallized at Tc = 140 °C, as well as at 130 °C, corresponds to that of the '-

phase, with the typical reflections located at scattering angles 2 of 16.2, 18.0, 20.5, 23.3 and 

26.7 [10,11,20]. Starting from Tc =150 °C, a new reflection emerges at 2 = 19.4°, with 

intensity increasing with Tc. This peak has been associated to the -form [10]. An additional 

small reflection can be detected at 25.1° for Tc ≥ 160 °C, and, most importantly, a large shoulder 
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at about 22.5° for Tc ≥ 170 °C. These measurements suggest that (i) '- crystals grow at Tc ≤ 

140 °C, (ii) -crystals grow at Tc ≥ 170 °C, (iii) at the intermediate temperatures, 150 ≤ Tc ≤ 

160 °C, a mixture of '- and -crystals develops, with the  amount increasing with Tc. The 

crystalline fractions calculated for all the samples from the XRD profiles (wC
XRD) are reported 

in Table 1. It is worth pointing out that the presence of -crystals at Tc = 150 °C was not 

observed in previous studies of PEF samples, for which, unfortunately, the DEGF amount was 

not quantified [10]. 

Additional XRD analysis was also carried out (i) to verify if the higher Δhm values 

measured for the PEF samples crystallized at Tc ≤ 150 °C has to be ascribed to additional 

crystallization occurring upon heating, and (ii) to investigate if '-  transformation takes place 

upon heating. Figure 4 shows the XRD profiles of PEF samples crystallized at Tc =140 °C and 

heated (i) at 2 and 10 K min-1 up to 190 °C, (ii) at 10 K min-1 up to 205 °C and (iii) at 2 K min-

1 up to 210 °C, and then quickly cooled to Troom. The patterns of the samples heated up to 190 

°C prove that crystal phase does not change upon heating up to this temperature, confirming 

the presence of only '-crystals. Instead, crystallinity was found higher than the original one 

(wC
XRD = 0.34 after heating at 2 and 10 K min-1), which confirms the occurring of additional 

'-crystallization for the PEF samples crystallized at low Tcs. Different patterns are exhibited 

by the samples heated up to 205 and 210 °C. The appearance of the reflection at 19.4° 

demonstrates that -crystals develop upon heating at temperatures higher than 190 °C. These 

extra -crystals could originate from '-  transformation, because the crystallinity of the 

samples heated up to 205 and 210 °C, estimated from the XRD profiles at Troom, was found 

slightly lower than that detected after heating up to 190 °C (wC
XRD = 0.28 after heating at 10 K 

min-1 up to 205 °C and wC
XRD = 0.27 after heating at 2 K min-1 up to 210 °C), in agreement 

with the ongoing melting progress. Some numerical considerations on the correlation between 

the increased crystallinity upon heating measured by XRD and the Δhm values determined by 
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DSC after isothermal crystallizations (see Table 1 and Figure S5(A)) can be found in the 

Supplementary Data. 

 

Fig. 4. XRD patterns at Troom of PEF samples after isothermal crystallization at Tc = 140 °C and heating at 2 and 

10 K min-1 up to 190 °C (blue curves), at 10 K min-1 up to 205 °C and at 2 K min-1 up to 210 °C. The thin curves 

are the experimental profiles, the thicker curves are the calculated intensities. 

 

Thus, XRD analysis proves that the PEF sample here utilized, after crystallization at low 

temperature, undergoes further crystallization upon heating, likely also with transformation of 

'-crystals into -crystals. Influence of the catalyst on these events has to be excluded, as the 

PEF sample was purified. This is a new finding, because additional crystallization and '- 

 transformation was not observed in a previous study performed on a PEF sample 

unfortunately not characterized as regards the DEGF amount [10]. It was reported that PEF 

crystallization rate increases by reducing the molecular weight and also the DEGF percentage 

[18], because most likely DEGF counits act as defects for the PEF crystallization process. The 

crystallization half-times of the PEF sample here utilized are very close (see Figure S4 of the 

Supplementary Data) to those reported in the previous study [10], although the present 

molecular weight is almost double. This validates the possibility that the PEF sample of the 
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previous study was characterized by a higher DEGF amount with respect to the present PEF 

sample. Thus, high chain regularity and low DEGF percentage could favor extra crystallization 

at temperatures higher than Tc, and also possible '- transformation. However, this feature 

must be further investigated with more sensitive in situ XRD techniques, (i) to better clarify 

the effect of the DEGF counits on the ' and  crystallization ability, (ii) to identify distinctly 

the temperatures at which the additional crystallization and the possible '- transformation 

occur, (iii) whether the latter is a solid-solid transition, or proceeds via 

melting/recrystallization, and (iv) to determine confidently the melting temperature of the -

crystals that develop upon heating. As regards this issue, likely the -crystals melting occurs 

simultaneously with the melting of the recrystallized '-crystals, in correspondence of the 

melting peak at the highest temperature (see Figure 2), because a triple melting behavior is 

observed both in the presence (this study) and in the absence [10] of -crystals formation upon 

heating.  

From the wC
XRD values, the enthalpy of melting of 100% crystalline -crystals was 

calculated as Δhm°(Tm) = Δhm(Tm)/ wC
XRD for PEF samples crystallized at Tc ≥ 170 °C (see 

Table 1). Thus, at the melting temperature, the enthalpy of melting of 100% crystalline -

crystals is approximately 144 J g-1, in excellent agreement with values reported in the literature 

[6,10]. The Δhm° temperature dependence was also determined according to the general 

relationship: 

∆ℎm°(𝑇) = ∆ℎm°(𝑇m) + ∫ ∆𝑐p(𝑇′)

𝑇

𝑇m

𝑑𝑇′ 
(2) 

The derived expression is: Δhm°(T) = 64+0.59(T-273)-0.001(T-273)2 J g-1 with T in K 

(estimated error: ± 10 J g-1). Due to the additional crystallization that occurs upon heating, the 

enthalpy of melting of 100% crystalline '-crystals could not be determined by utilizing this 

procedure.  
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3.3. Rigid amorphous fraction of PEF as a function of Tc 

 
Fig. 5. Crystalline (wC

XRD), mobile amorphous (wMA) and rigid amorphous (wRA) weight fractions of PEF 

measured at Tg as a function of the crystallization temperature Tc. 

 

For all the PEF samples crystallized in the temperature range 130 ≤ Tc ≤ 190 °C, the mobile 

amorphous fractions (wMA) was determined at the end of the glass transition (see Figure 2), as 

wMA=[(cp,app - cp,s)/(cp,l - cp,s)] and the rigid amorphous fraction (wRA) was calculated by 

difference, being wC
XRD+ wMA+ wRA=1. These values are collected in Table 1, together with 

the Tg values. The trends exhibited by wC
XRD, wMA and wRA as a function of the crystallization 

temperature are also reported in Figure 5, to better highlight that the phase composition changes 

monotonically and the transition from the '-phase Tc-region to the -phase Tc-region does not 

involve a composition discontinuity. Figure 5 shows also that the rigid amorphous fraction at 

Tg increases linearly with decreasing the crystallization temperature and that a higher RAF 

amount is present at the '-crystals/amorphous interface. 

The enlargement of the Tg region reported in Figure 2 shows that the glass transition shifts 

to higher temperatures with decreasing the crystallization temperature. This behavior, already 

observed for other polymers, as for example poly(L-lactic acid) [44], poly(aryl ether ether 
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ketone) [65] and poly(ethylene-2,6-naphthalenedicarboxylate) [66] can be rationalized as due 

to progressively increasing restriction and confinement of the MAF regions between the 

smaller and more dispersed crystals that develop at lower temperatures and likely also to the 

progressively higher rigid amorphous fraction close to the basal crystal planes.  

For various polymers it was proven that rigid amorphous fraction can develop during 

crystallization, particularly at low temperature, when the chain mobility is low and the 

formation of regular crystalline structures is more hindered. But RAF can grow also after 

crystallization, upon cooling to below Tg, due to the progressive lowering in chain mobility and 

the presence of constraints at the amorphous/crystal interface. Thus, the RAF detected at Tg in 

the PEF samples crystallized in the range 130 ≤ Tc ≤ 190 °C can originate from vitrification 

occurring during isothermal crystallization and/or upon successive cooling.  

To investigate how the crystallization temperature can affect the RAF evolution, quasi-

isothermal crystallizations of PEF were performed at different Tcs by TMDSC. This 

calorimetric technique can allow the simultaneous quantification of the crystalline growth and 

the evolution of the amorphous fractions during the isothermal crystallization [67]. 

The cp,rev curves, obtained with different modulation periods (p = 60, 96, and 120 s) 

during quasi-isothermal crystallization at Tc = 130, 140, 150 and 180 °C, are shown in Figure 

6, together with the corresponding evolution of the two-phase baseline specific heat capacity 

(cp,base,2phase), calculated as: 

𝑐p,base,2phase (𝑡) = 𝑤C
XRD𝑥C(𝑡)𝑐p,s + [1 − 𝑤C

XRD𝑥C(𝑡)]𝑐p,l (3) 

where wC
XRD is the final crystal fraction and xC(t) the fraction of crystallized polymer, obtained 

by integration of the exothermic heat flow signals. 
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Fig. 6. Time evolution of the reversing specific heat capacity (cp,rev) curves of PEF during quasi-isothermal 

crystallization at the Tcs indicated (130, 140, 150 and 180 °C), together with the calculated baseline specific heat 

capacities cp,base,2phase and cp,base-3phase (red dashed and solid lines). The black dotted lines are the thermodynamic 

liquid specific heat capacities (cp,l) at the respective Tcs. 

 

For Tc = 130 °C, the three cp,rev curves with different modulation periods overlap within 

the experimental noise, which means that the reversing heat capacity should correspond to the 

baseline specific heat capacity of the crystallization process [60]. The reversing heat capacity 

decays from the liquid specific heat capacity at 130 °C, to a lower value, but the final cp,rev and 

cp,base,2-phase values do not coincide. A cp,rev value lower than the final cp,base,2-phase attests that 

rigid amorphous fraction develops during crystallization. From the final cp,rev value (cp,rev,final), 

a final RAF amount of 0.07 was estimated as wRA=[(cp,l - cp,rev,final)/(cp,l - cp,s)]-wC
XRD. By 

assuming that, at Tc = 130 °C, the RAF development parallels the crystalline growth, the 

evolution of a three-phase baseline specific heat capacity (cp,base,3phase) was derived as [67]: 

𝑐p,base,3phase (𝑡) = 𝑐p,l − (𝑐p,l − 𝑐p,rev,final)𝑥C(𝑡) (4) 

The good agreement between the cp,rev and the cp,base,3-phase curves in almost the entire 

crystallization process, with the exception of a narrow range at intermediate times, confirms 
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that the reversing heat capacity at Tc = 130 °C substantially represents the baseline heat capacity 

of the crystallization process.  

 

Fig. 7. Evolution of the crystalline (wC
XRDxC), mobile amorphous (wMA) and rigid amorphous (wRA) weight 

fractions of PEF during crystallization at Tc = 130 °C. 

 

Thus, the evolution of the mobile amorphous (wMA) and rigid amorphous (wRA) fractions 

during crystallization at Tc = 130 °C was assessed as: wMA(t)= [cp,base,3phase(t) - cp,s]/(cp,l - cp,s) 

and wRA(t) = 1- wC
XRDxC(t) - wMA(t), respectively. Figure 7 shows that in parallel with the 

decrease of the mobile amorphous fraction, the crystalline and the rigid amorphous fractions 

grow simultaneously at Tc = 130 °C, as the RAF is defined as the constrained amorphous 

fraction at the basal crystal planes. The final wRA is however lower than that detected at Tg (see 

Table 1), which means that, after crystallization at Tc = 130 °C, further rigid amorphous fraction 

develops upon cooling to Tg. 

Deviation of the cp,rev curve from the baseline heat capacity cp,base,3phase during 

crystallization is linkable to latent heat exchange occurring during the two modulation semi-

periods [38,60]. This excess reversing specific heat capacity (cp,exc = cp,rev – cp,base,3phase) 

identifies a reversing melting process, which is generally dependent on the modulation 

frequency, because the macromolecule portion that can follow the temperature modulation 
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(melting in a semi-period and recrystallizing in the successive semi-period) increases with 

reducing the frequency [68]. For some polymers, as for example polyethylene, poly(butylene 

succinate) and poly(butylene terephthalate), cp,exc (or cp,rev) was found to increase, reach a 

maximum, and then slowly decrease, especially at high crystallization temperature, where the 

mobility is high, and during the initial stage of the crystallization, when the process occurs in 

non-restricted areas [69-71].  

Also for the condition Tc = 140 °C (Figure 6B) the difference between the cp,rev curves at 

different modulation periods is zero at high crystallization times. Due to its modulation period 

independence, cp,rev,final corresponds to the true final baseline heat capacity. As this value is 

lower than the final cp,base,2phase, also crystallization at Tc = 140 °C involves development of 

rigid amorphous fraction. A final RAF of approximately 0.03 was calculated for the PEF 

crystallization at Tc = 140 °C. The excess reversing specific heat capacity is different from zero 

for almost the entire crystallization time at Tc = 140 °C, attesting the occurrence of reversing 

melting, i.e. attachment and detachment of chain segments at the lateral surfaces of the crystals 

during the two modulation semi-periods [38,60]. 

Figures 6C and 6D show that larger portions of material undergo reversing melting with 

increasing Tc: cp,rev, which appears more dependent on the modulation period, also displays a 

peak with values higher than the thermodynamic cp,l. The reversing heat capacity remains 

higher than cp,base,2phase for the entire crystallization event. This situation identifies a final 

condition of continuous fusion and crystallization at the amorphous/crystal interface, as 

reported for other polymers [38,72]. Due to the presence of intense reversing melting, it is 

impossible to identify RAF formation during crystallization at Tc =150 and 180 °C. However, 

it is reasonable to assume that RAF does not develop at these temperatures, because the 

mobility of the amorphous segments is higher with respect to the condition Tc =140 °C, at 

which the growth of a very low rigid amorphous fraction (=0.03) was detected. 
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3.4.  Temperature dependence of the rigid amorphous fraction of PEF 

 

Fig. 8. Specific heat capacities of PEF after crystallization at (A) Tc = 140 °C and (B) Tc = 180 °C as a function 

of temperature: apparent specific heat capacity (cp,app) at 10 K min-1, average specific heat capacity (cp,ave) and 

reversing specific heat capacity (cp,rev) at 2 K min-1 (p = 60, 96 and 120 s, AT = 1.0 K). The dotted black lines are 

the thermodynamic solid and liquid specific heat capacities (cp,s and cp,l) of PEF. The insets are enlargements. 

 

Quasi-isothermal crystallizations have demonstrated that not all the RAF detected at Tg 

develops during crystallization, which necessarily means that rigid amorphous fraction grows 

partially or totally also upon cooling to Tg. Generally, RAF vitrification upon cooling occurs 

in a wide temperature range, depending on the distance from the crystals: by increasing the 

distance from the crystal, the constraints progressively decrease, and vitrification occurs at 

lower temperatures. It was proven that RAF formation is a true vitrification process, because 

upon successive heating, devitrification occurs at the same temperature at which the RAF 

portion had previously vitrified [44]. 

To quantify the temperature dependence of the rigid amorphous fraction between Tg and 

Tc, TMDSC measurements were performed after isothermal crystallizations and cooling to 

below Tg. Figure 8 shows the cp,app curves at 10 K min-1, and the cp,ave and cp,rev curves at 2 K 

min-1 and p = 60, 96 and 120 s, after isothermal crystallization at Tc = 140 and 180 °C. In the 
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temperature range from Tg to about 135 °C for the sample crystallized at Tc = 140 °C, and to 

about 150 °C for the samples crystallized at Tc = 180 °C, the cp,app, cp,ave and cp,rev curves match 

within the experimental error. This proves that no reversing latent heat is absorbed or released, 

and that from Tg up to these temperatures, cp,app, cp,ave and cp,rev correspond to the 

thermodynamic specific heat capacity. At higher temperatures, cp,rev starts to deviate from cp,app 

and cp,ave, attesting the occurrence of reversing melting/recrystallization. Similar behaviors can 

be observed for the cp,app, cp,ave and cp,rev curves after isothermal crystallization at Tc = 130 and 

170 °C (see Figure S7 of the Supplementary Data). For these latter crystallization conditions, 

the cp,app, cp,ave and cp,rev curves match from Tg to about 130 °C and 150 °C, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Temperature dependence of crystalline (wC
XRD), mobile amorphous (wMA) and rigid amorphous (wRA) 

weight fractions of PEF after isothermal crystallization at the indicated Tcs. On the right, schematic presentation 

of the RAF temperature dependence above Tg (see text). 

 

From the thermodynamic specific heat capacity, the MAF and RAF temperature 

dependence were determined as: wMA(T)= [cp,rev(T) - cp,s(T)]/[cp,l(T) - cp,s(T)], and wRA(T) =1- 

wC
XRD -wMA(T), respectively. Figure 9 shows the temperature dependence of wMA and wRA after 

crystallization at different Tcs and cooling to below Tg. In the Figure, also the wC
XRD values, 
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which are constant up to the temperature limit of the cp,app, cp,ave and cp,rev curves matching, are 

displayed. It is worth noting that below Tg, the mobile amorphous fraction is vitrified, so that 

(1- wC
XRD -wMA) corresponds to the entire amorphous fractions (wMA+wRA).  

From Figure 9 it can be deduced that, with increasing temperature, the rigid amorphous 

fraction decreases from the value at Tg to zero at approximately 150 °C. This finding attests 

that the limit temperature for the presence of RAF (Tg,RAF) in PEF samples crystallized at high 

temperature is about 150 °C, which means that at temperatures higher than 150 °C, the mobility 

of the amorphous segments close to the basal crystal planes is equal to that of the bulk 

amorphous phase. It is worth noting that for the samples crystallized at Tc = 130 and 140 °C it 

is impossible to quantify the RAF limit temperature, as the wMA and wC
XRD evolution above 

130 and 135 °C, respectively, cannot be assessed. For these latter crystallization conditions, 

the RAF amount is approximately 0.09 and 0.06 at 130 and 135 °C respectively, in good 

agreement with the final RAF values determined at the end of quasi-isothermal crystallizations 

(see Figure 6). 

Thus, the difference (Tg,RAF -Tg) for PEF is about 65 K. Similar values have been reported 

for poly(L-lactic acid), with (Tg,RAF -Tg) = 70 K [73,74], for poly(3-hydroxybutyrate), with 

(Tg,RAF -Tg) = 70 K [43], and for poly(1-butene) form II with (Tg,RAF -Tg) = 75 K [75,76]. 

Conversely, higher differences have been estimated for poly(1-butene) form I, with (Tg,RAF -Tg) 

= 125 K [75,76], and for poly(ethylene terephthalate) with (Tg,RAF -Tg) = 130 K [77]. Possible 

explanations of these different behaviors are beyond the scope of this study. Most likely they 

are connected with the morphology of the crystalline lamellae, with more or less regular chain 

folding, loops with different length, and possible presence of tie chains. Quite regular chain 

folding and short loops could be connected to a higher (Tg,RAF -Tg) difference. The mobility of 

long loops is less restricted by the close crystals with respect to short ones, and can be more 

similar to that of the MAF. Due to its high chain rigidity [15,19], for PEF regular chain re-entry 
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and short loops could be highly improbable. This supposition can explain the quite low RAF 

amount detected in PEF, and thus account for the already discussed marked decoupling 

between the PEF crystalline and the amorphous regions [15].  

The complete mobilization of the amorphous segments identified at temperatures higher 

than 150 °C could trigger the additional crystallization detected upon heating for the PEF 

samples crystallized at Tc ≤ 150 °C. The complete mobility of the amorphous segments could 

favor chain rearrangements and give rise to extra crystal growth at temperatures higher than 

Tc, also in restricted regions. In addition, it is interesting also to correlate the temperature limit 

for the presence of RAF with the crystallization rate [10,12] (see also Figure S4 of the 

Supporting Information). The minimum of the PEF crystallization half-time is located at 

temperatures slightly above 150 °C, which confirms the dependence of the crystallization rate 

on the amorphous chain mobility. At temperatures lower than 150 °C, the slower molecular 

dynamics of the PEF amorphous chains leads to reduced crystallization rates, with also 

simultaneous development of a small amount of constrained amorphous interphase. 

3.5.  Density of the rigid amorphous fraction of PEF at Troom 

The density of amorphous and semi-crystalline PEF samples was measured at 20 °C. The 

density of the amorphous PEF (MA) was 1.370 ± 0.003 g cm-3, whereas the density of PEF 

samples crystallized at Tc=140 and 180 °C was 1.389±0.003 and 1.392±0.003 g cm-3, 

respectively. These data allowed the determination of the density of the rigid amorphous 

fraction (RA) through the equation: 

1

ρ
=  

𝑤C
XRD

ρC
+

𝑤MA

ρMA
+

𝑤RA

ρRA
 

(5) 

where  is the experimental density of the semi-crystalline sample and C the density of the 

crystal phase. The density of the crystalline '- and -phases was assumed equal to 1.567 and 

1.549 g cm-3, respectively [13,20]. Thus, the density of the RAF linked to the '-crystals turned 
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out to be 1.3±0.2 g cm-3, whereas the density of the RAF linked to the -crystals 1.2±0.2 g cm-

3, with a clear tendency to lower values with respect to MA: the RA values are approximately 

5 and 12% lower than the MAF density. Low RAF density values are theoretically justifiable 

due to the higher vitrification temperature of the RAF, which necessarily implies a higher 

fractional free volume with respect to the MAF [50]. In addition, the RAF density can depend 

on the crystalline form, in case of polymorphism. As already observed for poly(L-lactic acid) 

[49], the density of the RAF connected to the more ordered -form appears slightly lower than 

the density of the RAF connected to the more disordered '-modification. For PEF, the 

reduction of the RAF densities with respect to the MAF density is in percentage very close to 

that determined for the two crystal forms of poly(L-lactic acid) [49]. The tighter chain packing 

of the -form could produce a stronger coupling at the amorphous/crystal interface, which 

could delay the relaxation of the closest amorphous segments, with the result that a higher free 

volume remains trapped in proximity of the crystals.  

 

4. CONCLUSIONS 

Structural characterization of semi-crystalline PEF samples characterized by a quite low 

DEGF content, proved that (i) '- crystals grow at Tc ≤ 140 °C, (ii) -crystals grow at Tc ≥ 170 

°C, (iii) at the intermediate temperatures, 150 ≤ Tc ≤ 160 °C, a mixture of '- and -crystals 

develops, with  amount increasing with Tc. After crystallization at Tc ≤ 150 °C, supplementary 

crystallization was detected to occur upon heating, with also likely '-  transformation. This 

event was explained as due to the complete mobilization of the amorphous segments, identified 

around 150 °C, as RAF was found zero at temperatures higher than 150 °C. Thus, the total 

absence of constraints on the amorphous segments mobility was supposed to favor additional 
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crystallization at temperatures higher than 150 °C in the PEF samples crystallized at low Tcs, 

in combination with high compositional chain regularity and low DEGF amount. 

Singularly, the more ordered -crystals grows only at temperatures higher than 150 °C, 

because the conformational rearrangements that precede crystallization (the gauge-trans of the 

ethylene glycol moiety, and the anti-syn of the 2.5-furan dicarboxylate group), needed to 

establish the extended zigzag conformation typical of this crystalline form [19] require a 

sufficiently high energy, which evidently can be guaranteed only at temperatures higher than 

150 °C. It is worth noting that also for poly(L-lactic acid) exclusive growth of the more perfect 

-crystals occurs above the temperature limit for the RAF presence, identified around 130 °C 

[73,74,78].  

The same temperature limit of 150 °C was found to influence the reversing melting, i.e. 

attachment and detachment of chain segments at the lateral surfaces of the crystals upon 

temperature modulation. At temperature higher than 150 °C, the high mobility of the 

amorphous segments leads to continuous fusion and crystallization, also after completion of 

crystallization, and therefore in more restricted areas.  

The rigid amorphous fraction was found to develop in parallel with the crystal phase only 

during crystallization at the lowest Tcs investigated (Tc = 130 and 140 °C), in combination with 

the growth of the less perfect '-crystals. At higher Tcs, RAF does not vitrify during 

crystallization, due to the high mobility of the amorphous phase at temperatures higher than 

150 °C, but only after completion of crystallization, upon the subsequent cooling to Tg. 

The rigid amorphous fraction measured at Tg depends on the crystallization temperature, 

and monotonically increases with reducing Tc. Thus, the Tg increase observed after 

crystallization at progressively lower Tcs was explained as due to confinement of the MAF 

regions between less perfect and more dispersed crystals and progressively higher rigid 

amorphous fraction.  
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The density of the RAF connected to the -crystals turned out to be slightly lower with 

respect to that linked to the '-crystals, likely due the stronger chain coupling at the 

amorphous/crystal interface produced by the more ordered crystalline structure. 

In summary, this study focuses on the connection between the amorphous mobility and 

the PEF polymorphism. The PEF sample here utilized, characterized by high compositional 

chain regularity, has evidenced peculiarities previously not reported for samples with higher 

chain irregularity, and, in addition, a higher interconnection between the two crystalline forms, 

' and . The aim is that the present study can lead the way to further investigations on the 

PEF polymorphism in relation to the composition structure and the chain mobility. 
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A. Synthesis, purification and chemical characterization 

Materials. Ethylene glycol (EG) and tetrabutyl titanate (TBT) were purchased from Sigma-

Aldrich, whereas dimethyl-2,5-furan dicarboxylate ester (DMFD) was provided by Tetrapak. 

All the reagents were supplied in high purity and therefore used without further purifications. 

Synthesis and purification. The PEF sample was prepared by using only 1.7 equivalent of EG 

and a low amount of TBT because during this study it was observed that TBT tends to favor 

the dehydration reaction which leads to DEGF formation. 

36.83 g (0.200 mol) of DMFD, 21.10 g (0.340 mol) of EG and 0.085 g (2.51 10-4 mol, 325 

ppm of Ti) of TBT were charged into a glass reactor, equipped with a stirrer, a temperature 

programmer, a vacuum controller and a torque meter. The reactor was immersed into a salt 

bath preheated to 175°C. The first stage was conducted at atmospheric pressure under nitrogen 

atmosphere and the mixture was allowed to react for 4h under stirring (200 rpm) with 

continuous removal of methanol. Then, the temperature was increased up to 190°C and kept 

for 90 min, and later to 230°C for further 90 min. In the second stage the reaction was heated 

from 230 to 240°C while the pressure was gradually reduced to 0.017 mbar. These conditions 

were reached within 3h and 30 min, using a linear gradient of temperature and pressure, and 

maintained for 30 min. Finally, the reaction temperature was further increased till 250°C and 

stirred for 60 min. To remove the catalyst, the collected polymer was ground and then dissolved 

in the mixture chloroform/1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 2/1 (v/v) and later 

precipitated in methanol, filtered and oven-dried. 

Chemical characterizations. The 1H NMR analysis on the PEF polymer was performed at 

room temperature on samples dissolved in a mixture of deuterated chloroform /deuterated 

trifluoroacetic acid 80/20 (v/v), using a Varian Mercury 400 spectrometer, with a 400 MHz 

proton frequency. The recorded spectrum is shown in Figure S1, where the peak attributions 

of the protons of the repeating unit, the end-groups and the DEGF units, are reported. In 
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particular, the DEGF amount was calculated as a molar ratio between the normalized peak due 

to methylene near to ether functionality (protons “d”, 4.05 ppm) and the sum of this peak, the 

normalized peak of ester methylene of the repeating unit (protons “a”, 4.76 ppm) and the 

normalized peak of ending methylenes (protons “f”, 4.12 ppm). The diethylene glycol 

furandicarboxylate (DEGF) unit, calculated as DEGF % = [Id/(Id+Ia+If)]100, was 2.8 mol%.  

To determine the molecular weight, gel permeation chromatography (GPC) was carried out. 

The polymer was dissolved in a mixture of CHCl3/HFIP 90/10 (v/v) and filtered through a 

Teflon syringe filter. Then, the GPC measurement was performed at 30°C on Hewlett Packard 

Series 1100 liquid chromatography using a PL gel 5 mm Minimixed - C column and a mixture 

of CHCl3/HFIP 95/5 (v/v) as eluent with a 0.3 mL/min flow; an Ultra-Violet detector was used 

and a calibration plot was constructed with monodisperse polystyrene standards. The weight-

average molecular weight (Mw) was 42300 and the polydispersity index 2.4. 

 

Fig. S1. 1H NMR spectrum of PEF sample, with magnification of the aliphatic region. All the signals are 

attributed by referring to the letters reported in the chemical structures. The spin side peaks are marked with 

stars. 
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B. Thermal analysis  

 
Fig. S2. Apparent specific heat capacity (cp,app) curves at 10 K min-1 after the initial thermal treatments 

indicated in the legends and isothermal crystallization at different Tcs: (A) 120 min at Tc = 140 °C, (B) 90 min at 

Tc = 150 °C. 

 

 

 

 

Fig. S3. Heat flow rate signal during isothermal crystallization of PEF at the indicated Tcs. 
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Fig. S4. Crystallization half-time as a function of the crystallization temperature. 

 

 

 

 

Fig. S5. (A) Enthalpy of melting (Δhm) measured at 10 K min-1 as a function of Tc. The dashed line is a guide to 

the eye. (B) Peak temperature of the highest melting peak (Tm) measured at 10 K min-1 as a function of Tc. 
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Fig. S6. Apparent specific heat capacity (cp,app) curves at different heating rates after isothermal crystallization at 

various Tcs. 
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fusion of imperfect secondary crystals, which melt before the more perfect primary lamellae 

due to their lower stability [1-3]. Fusion of the original or lightly perfected lamellar crystals, 
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the third peaks increases. After crystallization at Tc = 180 °C, the melting behavior is less 

dependent on the heating rate: the final endotherm appears single, which proves that it is 

linkable to the fusion of the original or only lightly perfected -crystals grown at Tc = 180 °C, 

which do not undergo recrystallization into a different crystalline population upon heating.  

Fig. S7. Specific heat capacities of PEF after crystallization at (A) Tc = 130 °C and (B) Tc = 170 °C as a function 

of temperature: apparent specific heat capacity (cp,app) at 10 K min-1, average specific heat capacity (cp,ave) and 

reversing specific heat capacity (cp,rev) at 2 K min-1 (p = 60, 96 and 120 s, AT = 1.0 K). The dotted black lines are 

the thermodynamic solid and liquid specific heat capacities (cp,s and cp,l) of PEF. The insets are enlargements.  
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C. Numerical correlation between the increased crystallinity upon heating measured 

by XRD and the Δhm values determined after isothermal crystallization by DSC 

 

An increase in crystallinity of about 0.07 was measured by XRD for the PEF sample 

crystallized at Tc =140 °C, after heating up to 190 °C (see text referring to Figure 4 in the paper). 

If this additional crystallization occurs at about 160 °C, an enthalpy of crystallization of about 

9 J g-1 can be estimated, by assuming for the temperature dependence of Δhm° the equation 

reported in the paper for the -crystals. If these additional crystals melt at about 210 °C, the 

corresponding enthalpy of melting would be about 10 J g-1. The difference between the 

enthalpy of melting and the enthalpy of crystallization would be about 1 J g-1, in perfect 

agreement with the distance between the measured Δhm values for Tc ≤ 150 °C and the 

extrapolated Δhm line (dashed line in Figure S5(A)).  

As declared above, for this estimation the Δhm°(T) of the -crystals was applied. However, as 

Δcp(T) was found independent of the crystalline form [see Figure 1 in the paper], the linear and 

quadratic coefficients of the Δhm°(T) expression are identical for the '- and -phases [see 

Equation (2) in the paper]. This means that Δhm° for the two crystal forms would differ only in 

the constant term, whereas the temperature dependence is the same, thus confirming the 

substantial reliability of the above estimation. 
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