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Abstract 

In the present work, biodegradable polyesters were synthesized by polycondensation 

reactions of renewable 1,4:3,6-dianhydrohexitols (isosorbide, IS; isomannide, IM) with 

aliphatic dicarboxylic acid chlorides containing 4, 6 and 10 carbons (namely, C4, C6 and 

C10) using a non-solvent method. All polyesters showed a thermal stability up to 320 °C and 

the glass transition temperature varied from 0 to 68 °C. Films were prepared by hot pressing. 

The semi-crystalline ISC10 and IMC10 films showed good mechanical properties with 

Young’s modulus E =127±20 MPa, E =125±10 MPa and elongation at break ε = 19±5%, ε 

= 16±3%, respectively. The water sorption (liquid and vapor) of films was slow and low due 

to their crystalline micro-structures. The films were strongly barrier for gases with 

permeability coefficients PN2 = 0.09, PO2 = 0.26, PCO2 = 1.32 barrer for ISC10, and PN2 = 0.18, 

PO2 = 0.46, PCO2 = 2.04 barrer for IMC10. Furthermore, the high CO2 and O2 selectivity 

coefficients of ISC10 (αCO2/O2 = 5.1) and IMC10 (αCO2/O2 = 4.4) were favorable for the fruits 

and vegetables preservation. ISC10 film showed a better quality for food packaging in terms 

of mechanical and gas permeation properties compared to IMC10 film. A detailed discussion 

of the relationships between microstructures and sorption/permeation properties was 

conducted. 
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Introduction 

Food packaging is an indispensable part of our daily lives, and its demand is still 

growing. Traditionally, food packaging plastics (PET, PP, PE) are prepared from petroleum. 

The increase use of this limited resource aggravated global warming. At the Paris climate 

conference (COP21) in December 2015, 195 countries adopted the first-ever universal, legally 

binding global climate deal. The agreement set out a universal action plan to limit global 

warming with the reorientation of the world economy towards a low carbon model. Among 

the proposed solutions, one would be to use natural, biodegradable materials made from 

renewable resources. According to statistics, the total market of biodegradable materials 

exceeded $1.1 billion in 2018 and is predicted to reach $1.7 billion in 2023, where food 

packaging and disposable tableware are the main driving forces [1]. The biopolymers 

currently used for industrial applications are poly(hydroxyalkanoate) (PHA) and poly(lactic 

acid) (PLA) but they often show low mechanical properties and thermal stability [2,3]. Thus, 

the preparation of new bio-based materials, semi-crystalline, with better mechanical and 

thermal properties than PLA and PHA is scientific, industrial and environmental challenges. 

The progresses in polymer science suggest to synthesize new bio-based polymers [4–7]. 

However, thermal, mechanical and biodegradable properties of these new polymers must be 

studied before considering the replacement of conventional polymers [8–10]. Naturally 

bifunctional and thermally stable monomers can be extracted from biomass. Among them, 

1,4:3,6-dianhydrohexitols (isosorbide, IS; isomannide, IM; isoidide, II) derived from cereals 

can be used as monomers for synthesizing bio-based polyesters [11–15].  

As natural, chiral, rigid and non-toxic chemicals with functionalities, 1,4:3,6-

dianhydrohexitols attracted extensive interests in medical [16–21], chemical [22–26] and 

polymer sciences [11,27–29]. Since 1984, 1,4:3,6-dianhydrohexitols have been used to 

synthesize polyesters but only IS and IM were widely studied due to their commercial 

availability [30]. Numerous patents and large amount of research articles based on these 

platforms, especially isosorbide, have been published. Within only the recent ten years, four 

review articles have covered all aspects of isosorbide chemistry [11,15,27,31]. In polymer 

chemistry, the sustainable, high-temperature resistant and biodegradable polymers based on 

1,4:3,6-dianhydrohexitols are the ongoing hot topics. The combination of isosorbide with 

other renewable chemicals, such as aliphatic diacids and 2,5-furandicarboxylic acid to prepare 

thermosets have been reported as well [32–35]. The industry has also developed commercial 

polycarbonates and polyesters based on isosorbide, such as Polysorb® PSA, LP and PA, 
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produced by Roquette [36].  However, the low reactivity of the secondary alcohols of IS and 

IM made it hard to obtain high molar mass polyesters. Chemical modifications to increase the 

reactivity of IS were tried but with complicated and costly steps [37]. General ways to obtain 

aliphatic polyesters by reacting a wide range of dicarboxylic acids, from 2 to 36 carbons, with 

IS or IM were presented [38,39]. These polyesters were proved to be biodegradable [40,41] 

and compatible for using in implant biomedical materials [42]. The tetrahydropyran rings 

were found to increase the chains rigidity and then the Tg [6]. Multiple isosorbide-derived 

monomers for the synthesis of high thermal performance polyesters which could be used for 

hot-fill containers were also overviewed [28]. More recently, the effects of stereoisomerism of 

IS or IM and chain length of dicarboxylic acid units on the crystallization of the polyesters 

were investigated [43,44]. However, there is no investigation on gas and water permeation 

which is crucial to maintain the food shelf-life in packaging [45,46].   

In this work, bio-based polyesters were prepared by reacting IS or IM with aliphatic 

diacid chlorides (succinyl, adipoyl and sebacoyl chlorides) according to the melt 

polycondensation previously published by Okada et al.[41]. These polyesters were proved to 

be biodegradable [40,41]. The originality of this work was to prepare films and investigate 

their gas and water sorption/permeation properties, which are crucial for food packaging 

applications. Relationships between microstructures and sorption/permeation properties were 

established. 

1  Experimental 

1.1    Chemicals  

Isosorbide (98%), isomannide (95%), succinyl chloride (95%), adipoyl chloride (98%), 

sebacoyl chloride (≥95%), ethylene glycol (> 99%) and decane (> 99%) were purchased 

from Sigma-Aldrich. Dichloromethane (reagent grade) was provided by Fisher Scientific. 

Methanol (reagent grade) was supplied by VWR. All reagents were used as received without 

further purification.  

1.2    Synthesis of the polyesters 

IS (or IM) (60 mmol) was weighed into a 100 mL three-necked round-bottomed flask 

equipped with a mechanical stirrer and dipped into an oil bath (80 and 95 °C for IS and IM, 

respectively). Liquid succinyl chloride (60 mmol) was added when isosorbide was fully 

molten. The temperature was increased to 160 °C when the hydrogen chloride release 
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decreased, and the mixture was kept under normal pressure for 6 h under N2 atmosphere. 

Then, reduced pressure was applied: 50 mbar for 2 h, then 0.1 mbar for 15 h. After cooling to 

room temperature, the media was dissolved in dichloromethane (50 mL) and the polyester 

was precipitated in methanol (500 mL). The polymers were purified by 3 times repeated 

dissolution precipitation. Finally, they were dried for 2 days at 40 °C under reduced pressure. 

All the polyesters were synthesized by the same way. 

1.3    Preparation of the films 

The films were processed by compression molding (thickness around 150 µm) using a 

hot press (Scamex, France) according to the following conditions: 5 min under 50 bars at 

different temperatures (given in Figure 5). The films were then stored at room temperature in 

a desiccator with P2O5 under room temperature for a constant time (60 days after hot 

pressing). 

1.4    Characterization of the polymers 

1.4.1 Polymer structure   

The chemical structures were confirmed by FT-IR (VERTEX 70 from Bruker) and by 
1H NMR (300 MHz Bruker spectrometer) at room temperature in CDCl3. Chemical shifts (δ) 

were expressed in parts per million (ppm) and referenced to the internal deuterated solvents 

with tetramethylsilane as the internal standard.  

1.4.2 Molar masses 

The number average molar masses (��
����) of the polyester samples were measured by 

steric exclusion chromatography (PL-GPC50 from Varian) at 27.5 °C. The solvent was 

dichloromethane and the analysis was carried out with PMMA calibration.  

1.4.3 Thermogravimetric analysis (TGA) 

The thermal decomposition of the polymers was investigated by TGA (TGA Q500 from 

TA Instruments) under nitrogen atmosphere. The sample (5-10 mg) was packed in a platinum 

pan and heated from 30 to 600 °C with a heating rate of 10 °C⋅min-1. 

1.4.4 Differential scanning calorimetry (DSC) 

Differential Scanning Calorimetry measurements were performed with a DSC Q2000 

from TA Instruments. The 5-10 mg samples were heated from -30 to 250 °C with 10 °C⋅min-1 
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heating rate. Tg were measured at the mid-point, Tm at the peak maximum and ∆Hm thanks to 

the melting peak area. 

1.5    Characterization of films 

1.5.1 Wide angle X-ray diffraction (WAXD) 

The crystal structures and crystallinity (χc) were evaluated using an X-Ray 

diffractometer D5000 from Bruker AXS. The radiation was λCo = 1.789 Å powered by a 

current of 40 mA and a voltage of 40 kV. The data were acquired on a scanning range 2θ = 5°-

55° with a scanning speed of 0.004° s-1. Intensity correction, crystallinity determination and 

peak separation were performed using PeakFit® software.  

1.5.2 Polarized optical microscopy (POM) 

Crystals in polyester films were observed using a DMLM Leica optical polarizing 

microscope. Image acquisition and analysis were performed with Archimed software.  

1.5.3 Contact angle measurements 

Contact angle (θ) and surface energy (γ) of films were determined at room temperature 

(23 °C), with three different liquids: water (MilliQ Millipore Water system), ethylene glycol 

and decane. The contact angle θ values were averaged from at least five measurements. The 

surface energy was calculated by Windrop++ Carrousel software according to Owens & 

Wendt method [47]. 

1.5.4 Mechanical properties 

The tensile tests of polyester films were performed at room temperature (23 °C) using 

a ZwickRoell Z010 testing machine (TestXpert Ⅱ-V3.5 software). The load cell was 500 N, 

the crosshead speed was 10 mm⋅min-1, and the distance between the grips was 40 mm. The 

dumbbell shaped specimens were 1BB type according to the ISO 527-2:2014-04 standard. 

The tensile modulus (E) was determined in the linear part of the stress-strain curve. More than 

10 tests were performed on each sample and the obtained values were averaged. 

1.5.5 Liquid water sorption  

The liquid water sorption measurements were performed at 25 °C by measuring the 

variation of the mass gain vs time of samples (initially dry) immersed in pure water (MilliQ 

Millipore Water system). Three measurements were carried out on each sample (A = 1 cm2) 
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using a balance (precision 0.1 mg). The mass gain at t time (Mt) was calculated according to 

Eq. 1. 

 Mt  =  
m�- md

md

 ×100     (Eq. 1) 

with mt the film mass at t time and md the dry film mass. The accuracy on Mt values was 

estimated lower than 10%.  

1.5.6 Water vapor sorption  

Water vapor sorption measurements were conducted with the automatic gravimetric 

dynamic vapour sorption DVS1 Advantage (Surface Measurement Systems Ltd) as previously 

described [48]. Different water vapor activity steps (aw) ranging from 0 to 0.95 were applied 

at 25 °C on the film (m ≅ 15 mg). At each step, the mass gain was measured as a function of 

time until the equilibrium was reached. The mass gain at equilibrium Meq was calculated for 

each aw according to Eq. 2, which allowed the plotting of water vapor sorption isotherms.  

   Meq  =  
m��- md

md

 ×100     (Eq. 2) 

with meq the film mass at equilibrium.  

The accuracy on the values was lower than 4%. Kinetic data were extracted from the 

normalized mass gain Mt/Meq vs reduced time (t1/2/L), where Mt is the mass gain at time t 

(Eq.1). Reduced time was used to allow data comparisons independently of the film thickness 

L.  

1.5.7 Water vapor permeation  

The water vapor permeation measurements were performed using the home-made 

permeation cell previously described [49]. The experimental conditions were: aw ≅ 0.20, 0.50, 

0.55 and 0.60, T = 25 °C, surface of the film A = 3.6 cm2. The water vapor flux J through the 

film as a function of time t was measured. At steady state (J = Jst), the permeability 

coefficient P (expressed in g⋅m-1⋅d-1) was calculated from Eq. 3 [50]: 

P = Jst × L

∆aw
                                                 (Eq. 3) 

where Δaw is the difference in water activity across the film. 

1.5.8 Gas permeation  
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Carbon dioxide (CO2), oxygen (O2) and nitrogen (N2) permeation measurements were 

performed on films using the equipment previously described (25 °C, applied gas pressure 3 

bar) [51]. The quantity of transferred gas Q through the film was detected versus time t (s). 

The permeability coefficient P (expressed in Barrer) was calculated according to Eq. 4:  

 P = L

A ∆P

dQ

dt
                          (Eq. 4) 

with L and A, thickness and surface (11.34 cm2) of the film; p∆ , pressure difference 

between the two sides of the film; dQ/dt, slope of the experimental curve at stationary state. 

The diffusion coefficient D (cm2⋅s-1) was calculated from the time-lag tL value obtained from 

the extrapolation of the steady-state asymptote to the time axis [52]: 

 D = L 
2

6 tL
                 (Eq. 5) 

2  Results and discussion 

Six aliphatic polyesters were synthesized by using a non-solvent polymerization 

according to Figure 1. The polyesters were identified as follows: the first two letters 

corresponded to the dianhydrohexitol used (IS for isosorbide and IM for isomannide), 

followed by CX, where X represented the number of carbon atoms coming from the aliphatic 

chain of the diacid chloride.  

 

 

Figure 1 General route for the synthesis of aliphatic polyesters prepared from IS and IM 

with aliphatic dicarboxylic acid chlorides 

2.1    Characterization of polymers 
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2.1.1 Structures 

FT-IR spectra of the synthesized polyesters are given in Figure S1. Due to their 

similar chemical structures, all polyesters showed almost identical spectra. Taking ISC4 as an 

example (bottom of Figure S1), the double CH2 stretching signals of the aliphatic chain 

appeared in the range from 2940 to 2870 cm-1 and the signal of ether cyclic bond in IS was at 

1089 cm-1. The presence of the ester group was proved by the pronounced C=O peak at 1730 

cm-1 and the C-O double peaks at 1160 and 1140 cm-1, which confirmed the successful 

synthesis.  

The chemical structures of the polyesters were also characterized by 1H NMR. The 

spectra of ISC10 and IMC10 were shown in Figure 2a and Figure 2b respectively, and the 

others were given in supplementary material (Figure S2). In Figure 2a, the proton signals in 

the range from 5.22 to 3.68 ppm (8H) corresponded to isosorbide and the signals at 2.33 (4H), 

1.61 (4H) and 1.29 (8H) ppm were attributed to methylene protons of sebacoyl chloride. 

Similarly in Figure 2b, the signals in the range from 3.67 to 5.19 ppm (8H) were ascribed to 

isomannide and the signals at 2.37 (4H), 1.63 (4H) and 1.30 (8H) ppm belonged to sebacoyl 

chloride. The exo hydroxyl group connected with the second carbon (C-2) of isosorbide ring 

induced the irregular structure of ISC10 that resulted in stereo differences between ISC10 and 

IMC10, which could explain the peaks splited more in ISC10 spectrum. 
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Figure 2 1H NMR spectra of (a) ISC10 and (b) IMC10 

2.1.2 Molar masses 

The polymer molar masses were determined by Steric Exclusion Chromatography (SEC) 

(Table 1). Except for IMC4, high yields were obtained and the molar masses ( ��
���� ) of 

polyesters exceeded 10 000 g·mol-1. The case of IMC4 can be ascribed to its high melting 

temperature around 173 °C (see section 2.1.4), higher than the reaction temperature (160 °C), 

which limited the polycondensation reaction [43]. There is a general tendency that the molar 

mass increase with C atom number, probably due to the higher flexibility brought by the 

methylene units which would favor the motion of the growing chains in a very viscous bulk 

medium. 
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Table 1 The number average molar masses and dispersities of polyesters and yields of 

synthesis 

Polyester ��
����1) 

(g⋅mol-1) 
Đ2) Yield 

(%) 
Polyester ��

����1) 
(g⋅mol-1) 

Đ2) Yield 
(%) 

ISC4 10 800 2.1 80 IMC4 4 300 1.8 62 
ISC6 10 600 1.7 88 IMC6 15 500 2.5 85 
ISC10 18 500 2.1 90 IMC10 19 000 2.0 89 

 1) SEC conducted in CH2Cl2 with PMMA standards. 2) Dispersity 

2.1.3 Thermal degradation 

The thermal degradation of polyesters was investigated by thermal gravimetric 

analysis. The degradation curves were presented in Figure 3 and detailed data were recorded 

in Table S1. All polyesters showed a thermal stability up to 320 °C with a rapid 

decomposition around 400-450 °C. The degradation seemed to begin at higher temperatures 

when the length of the aliphatic diacid chain increased, with 5% weight loss temperature 

(T5%) values T5%(ISC4) < T5%(ISC6) < T5%(ISC10) and T5%(IMC4) < T5%(IMC6) < 

T5%(IMC10), which was probably due to the increased molar masses. Even if IMC10 showed 

the highest thermal stability, we cannot generally conclude that IM polyesters were more 

stable than IS homologues. It means that the diacid chain length has more influence on the 

thermal degradation than stereoisomerism. The results are consistent with literature values 

[42,43].  

 

Figure 3 TGA curves of IS and IM polyesters 
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2.1.4 DSC 

DSC measurements were carried out to determine the glass transition temperature (Tg) 

and the crystallization behavior of the polyesters. The first heating thermograms were 

presented in Figure 4 and detailed data were recorded in Table S2. It showed that only ISC10, 

IMC4 and IMC10 were semi-crystalline due to the presence of melting peaks. These melting 

peaks were complex, and could reveal not only melting / crystallization phenomena but more 

certainly crystalline polymorphism (as evidenced later from XRD patterns in Figure 7), as 

already observed in such polymers before [43]. However, the crystals cannot be obtained back 

upon cooling (Figure S3) probably due to the very slow crystallization rate. These results are 

in good agreement with those obtained by Marubayashi et al. [43] , except for IMC4, 

probably due to the low molar mass in our case. The Tg values decreased with the increase of 

the aliphatic carbon number, which is quite logical since more CH2 in the chain induced more 

flexibility and free volume. The highest Tg (65 °C) was observed for IMC4 and the lowest (0 

°C) for IMC10. For a given aliphatic chain, considering almost the same molar masses of 

ISC10 and IMC10, it seemed that IM and IS polyesters showed only slight difference on Tg 

value, but larger differences on crystallinity. It means that the endo-exo and endo-endo 

stereoscopic difference affected the crystallization rather than the chain relaxation [43].  

 

Figure 4 DSC first heating of IS and IM polyesters 
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2.2    Characterization of polymer films 

2.2.1 Preparation of polymer films 

The polymer films shown in Figure 5 were prepared by hot pressing under different 

temperatures depending on their thermal properties established by DSC. Since the obtained 

polymers could not recrystallize upon cooling, and the crystalline phase is well known to 

bring barrier properties, the films were sometimes prepared with partial melting. 

Unfortunately, ISC4, ISC6, IMC4 and IMC6 films appeared too brittle, which was probably 

due to their short methylene units and lower molar masses. Only ISC10 and IMC10 films with 

the highest molar masses and longer methylene units were flexible enough for the further 

experiments. IMC10 film was prepared at 45 °C (35 °C < Tm < 60 °C) and ISC10 film was 

prepared at 50 °C (35 °C < Tm < 72 °C). The yellow to brown color of films showed in Figure 

5 came from polymerization but deepened after hot pressing, which was probably due to 

thermal oxidation. Since the crystals of ISC10 and IMC10 changed during time at the 

temperature range of 20-40 °C [43], the crystal structures should be confirmed before 

investigating the mechanical and barrier properties of polyester films.  

 

     

ISC4 (100 °C) ISC6 (60 °C) ISC10 (50 °C) IMC4 (190 °C) IMC6 (60 °C) IMC10 (45 °C) 
Brittle Brittle Flexible Brittle Brittle Flexible 

 

Figure 5 IS and IM polyester films prepared by hot pressing 

2.2.2  DSC characterization of polyester films 

The melting behaviors of polyester films were investigated by DSC and compared to 

the corresponding polyesters in Figure 6. Both ISC10 and IMC10 films showed broad but less 

complex melting peaks compared to the corresponding polyesters. Furthermore, it seemed the 

initial melting temperature increased, which can correspond to an annealing process occurring 

during hot pressing and storage. The melting enthalpy (ΔHm) of ISC10 film was 26.1 J⋅g-1, 

which is higher than that of ISC10 (ΔHm = 18.7 J⋅g-1), but the melting enthalpy of IMC10 

(ΔHm = 15.9 J⋅g-1) and IMC10 film (ΔHm = 16.0 J⋅g-1) were almost the same. Despite the 

partial melting during film making, and the fact that no crystallization was observed during 

cooling in DSC for both polyesters, the recrystallization could effectively happen due to the 
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annealing process during the hot pressing and the 60 days under room temperature storage. 

ISC10 film was more crystalline with a higher melting temperature than IMC10 film.  

 

 

Figure 6 DSC first heating of ISC10 and IMC10 polyesters and films 

2.2.3  XRD characterization of  polyester films 

Table 2 Crystallinity (χc) and d-spacing information for ISC10 film and IMC10 film 

Polyester film χc (%) d1 (nm) d2 (nm) 
ISC10 film 36.3 1.60 0.46 
IMC10 film 25.9 1.60 0.46 

Figure 7 exhibited the XRD diffractograms of ISC10 film and IMC10 film. The 

crystallinity (χc) and d-spacing were recorded in Table 2. Two obvious diffraction peaks 

located at 2θ~6.5° and 2θ~22.5° corresponded to d1 = 1.60 nm and d2 = 0.46 nm respectively 

for both polyester films. This result was consistent with Marubayashi et al. [43]. The d-

spacing d1 corresponded to the spacing parallel to the chain direction and d2 was that 

perpendicular to the chain direction (chain-chain packing). The crystallinity of ISC10 film (χc 

= 36.3%) is higher than IMC10 film (χc = 25.9%): ISC10 is more crystallized by chain-chain 

packing than IMC10. Besides, the diffractometric patterns show scattering peaks at very low 

2θ values (5-10°) which can be related to liquid crystal regions as reported by Ding et al. [53]. 
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Figure 7 XRD spectra of ISC10 and IMC10 polyester films 

2.2.4 Microscopy of polyester films 

Polyester films microscopy images shown in Figure 8 proved that ISC10 film 

contained larger but less homogeneous crystals than IMC10. The ISC10 film microstructure 

well corresponded to a broader and higher melting temperature observed by DSC, compared 

to IMC10. It evidenced that the endo-exo stereoscopic configuration in IS polymer chains 

were more inclined to crystallize in larger size than the endo-endo stereoscopic configuration 

in the IM polymer chains [43]: the IS chains are more readily to crystallize by chain-chain 

interactions (chain-chain packing). Moreover, the textures evidenced by POM images are 

typical of liquid crystal phase [53–55]. 

 

Figure 8 Microscopy images of ISC10 film (a) and IMC10 film (b) 
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2.2.5 Mechanical properties 

The mechanical properties of ISC10 and IMC10 were gathered in Table 3. ISC10 had 

a better resistance to stretch than IMC10. The Young’s modulus values of ISC10 and IMC10 

were similar (127 ± 20 MPa and 125 ± 10 MPa respectively). Comparing the ultimate tensile 

strength and elongation at break, ISC10 (σb= 4.2 ± 0.8 MPa, εb = 19 ± 5 %) seemed tougher 

than IMC10 (σb= 1.0 ± 0.2 MPa, εb = 16 ± 3 %). Since their molar masses and Tg were very 

similar, it seemed that the higher crystallinity and larger crystal size of ISC10 brought more 

resistance at break. Both ISC10 and IMC10 had more toughness than PLA (elongation at 

break less than 10%) [56]. However, our ISC10 films were more rigid and more brittle than 

those prepared by Park et al. [42] (E = 53 MPa and σb = 10.5 MPa). The differences may be 

due to the solvent casting technique used by Park et al. to prepare their films. With this 

technique, solvent molecules can be retained and plasticize the film.  

Table 3 Mechanical properties of ISC10 and IMC10 polyester films 

Polyester film E (MPa) σb (MPa) εb (%) 
ISC10 127 ± 20  4.2 ± 0.8 19 ± 5 
IMC10 125 ±10 1.0 ± 0.2 16 ± 3 
   E, Young’s modulus; σb, Stress at break; εb, Strain at break. 

2.2.6 Contact angle measurements 

The surface energy (with dispersity and polar parts) and water contact angle values of 

polyester films were presented in Table 4. The surface energy values for ISC10 (31.0 mN⋅m-1) 

and IMC10 (29.6 mN⋅m-1) were similar. The water contact angle values, 85 ± 1.0° for ISC10 

and 83 ± 0.5° for IMC10, highlighted the hydrophobicity of the films. The results showed 

almost no difference between ISC10 and IMC10, indicating that the surfaces properties of the 

films were not influenced by the stereoisomerism of IS and IM. The water contact angles of 

ISC10 and IMC10 were lower than the common used packaging materials PE (120 ± 0.1°) 

[57], PP (97 ± 0.4°) [58], but comparable to semi-crystalline polyesters like PET (83.8 ± 1.0°) 

[59] and PLA (80.0 ± 0.1° and 73.0 ± 2.0°) [2,60]. 

Table 4 Surface energies and contact angles of ISC10 and IMC10 polyester films 

Polyester film γt (mN⋅m-1) γd (mN⋅m-1) γp (mN⋅m-1) θ (o) 
ISC10 31.0  26.1  4.9  85.0 ± 1.0 
IMC10 29.6  24.1  5.4  83.0 ± 0.5 
   γt, Total surface energy with the dispersive (γd) and polar (γp) parts; θ, water contact angle.  
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2.2.7  Liquid water sorption and water vapor sorption 

Figure 9 showed that the sorption of liquid water is low whatever the sample. This 

behavior can be explained by the semi-crystalline micro-structures of the polyester films. The 

equilibrium was earlier reached (before 2800 min) for IMC10 than for ISC10 (after 2800 

min), which meant IMC10 proceeded a quicker dissolution-diffusion process than ISC10. The 

sorption was less pronounced for ISC10 (Mt at equilibrium = Meq = 0.55 ± 0.05 %) than for 

IMC10 (Meq = 1.03 ± 0.04 %). This is due to the bigger size crystals and the higher 

crystallinity of ISC10, which bring more compact structure favorable for water barrier 

properties.  

 

Figure 9  Liquid water sorption of ISC10 and IMC10 films 

As observed before for liquid water sorption, water vapor sorption was less for ISC10 

than for IMC10 (e.g. Meq = 0.58 % and Meq = 1.08 % at water activity aw = 0.95, 

respectively). Both ISC10 and IMC10 showed a constant sorption of water vapor at the lower 

aw then a larger increase (Figure 10a). The linear isotherm describes a Henry’s type process 

corresponding to a random absorption (dissolution) and then a diffusion of the water 

molecules inside the film. This isotherm corresponded to the sorption of the water molecules 

in the free volume of the polymer. The slope of the straight line corresponds to the solubility 

coefficient S of water vapor in the film. ISC10 showed a constant sorption until aw = 0.8 (S = 

5.3 x 10-3 gH2O/gpol) and IMC10 until aw = 0.5 (S = 8.0 x 10-3 gH2O/gpol). The convex part of the 

curve highlighted an adsorption of water molecules with formation of aggregates, which 
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induced a larger swelling of the film. This accumulation of water molecules took place in the 

free volume of the amorphous phase, which means there are more free volume in IMC10 than 

in ISC10 films.  

The kinetics of water sorption were presented by the normalized gain of mass (Mt/Meq) 

vs reduced time (t1/2 L-1) for different vapor activities (Figure 10b). It is obvious that IMC10 

showed a quicker dissolution-diffusion process of water vapor than ISC10, which agreed with 

the liquid water sorption. A slowing-down process was observed at high aw. The detailed 

sorption kinetics data were interpreted in terms of rate of diffusion of water molecules by 

considering tr time to reach the equilibrium of sorption. For a short time (when Mt/Meq < 0.2), 

the slope (k1) of the linear regression of the curves (Mt/Meq)2 = f(t - tr) allowed the calculation 

of water diffusion coefficient D1:  D1 = k1 π L2 / 16. For a longer time (Mt / Meq > 0.7), the 

slope k2 of the linear regression of the curve (ln (1 - Mt/Meq) = f(t)) allowed the determination 

of the water diffusion coefficient D2: D2 = k2 L2 / α1 (α1 = 2.40483) [48]. The changes of D1 

and D2 for IMC10 and ISC10 as a function of aw were given Figure 10c. The variation of the 

D1 and D2 values are in agreement with the isotherm. The D1 values appeared higher than D2 

probably due to the aggregation of the water molecules during the sorption, which makes 

them less mobile. The D values were constant on large water activity range. This constant 

diffusion of the water molecules inside the film was in accordance with the Henry’s behavior 

previously observed on the isotherms. The decrease of D1 and D2 coefficients at high aw (> 

0.8) could be explained by the largest aggregation of water molecules. D1 and D2 values were 

higher for IMC10 than for ISC10, which is consistent with the kinetics. The larger size of the 

crystal structure and the higher crystallinity previously observed in ISC10 can explain this 

result. The low permeable crystal structures that stand in the way of the water molecules 

increased the tortuosity of the diffusion path, and consequently decreased D.  
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Figure 10 Water vapor sorption of ISC10 and IMC10 films: (a) sorption isotherm (b) sorption 

kinetics (c) diffusion kinetics 

2.2.8  Water vapor permeation  

Water vapor permeability coefficients (P) of ISC10 and IMC10 are given Table 5 for 

different water activities. ISC10 film showed the lowest P values whatever aw (e.g. P = 1.55 

g⋅m-1⋅d-1and P = 2.81 g⋅m-1⋅d -1at aw ≅ 0. 5 for ISC10 and IMC10, respectively). These results 

are in accordance with those previously obtained by sorption measurements. The lowest P 

values obtained for ISC10 could be related to the lowest solubility coefficients S and diffusion 

coefficients D (P = D x S). Considering the same elements composition of ISC10 and IMC10, 

it could be concluded that the micro-structure of the ISC10 film brought more barrier for 

water molecules. ISC10 showed a comparable water vapor barrier referred to PLA (25 oC, 

aw=0.5, P= 1.39-1.63 g⋅m-1⋅d-1) [61]. However, ISC10 was less barrier than PET (21 oC, 

aw=0.4, P= 0.47 g⋅m-1⋅d-1) [62], which is probably due to its low glass transition temperature 

and the presence of the “Oxygen” in the IS molecular ring in the amorphous phase.  

Table 5 Water permeation coefficient (P) of ISC10 and IMC10 films at different water 

activities (aw). 

Polyester film aw  P (g⋅m-1⋅d-1) 

ISC10  

0.25 0.04 
0.48 1.55 
0.55 3.78 
0.65 5.10 

IMC10  

0.19 0.33 
0.49 2.81 
0.55 5.61 
0.60 5.95 

 

2.2.9  Gas permeation measurements 

Table 6 presented the values of permeability (P) and diffusion (D) coefficients of 

ISC10 and IMC10 films. It could be easily observed that both ISC10 and IMC10 showed low 

gas permeability, which is probably due to the presence of crystals and liquid crystal regions, 

which are strongly barrier to gases [63–65]. ISC10 showed higher barrier properties than 

IMC10 due to its higher crystallinity, as previously explained for water. The permeability 

coefficients P of ISC10 for N2, O2 and CO2 were 0.09, 0.26 and 1.32 barrer, respectively, 

which is similar to PLA (PO2= 0.16 barrer, PCO2 = 1.27 barrer) [66]. ISC10 and IMC10 
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appeared both more barrier to gases than the commonly used food packaging material PE 

(PO2=3.2 barrer, PCO2=11.7 barrer) [67] but less barrier than PET (PN2 = 0.008 barrer, PO2= 

0.03 barrer, PCO2 = 0.15 barrer) [68] and semi-crystalline PEF (PO2= 0.004~0.006 barrer, PCO2 = 

0.01~0.02 barrer) [69]. To optimize a packaging, the selectivity [70] between CO2 and O2 

(αCO2/O2) should be controlled because the respiration rate of fruits and vegetables should be 

slowed down. Thus, it is necessary to limit the oxygen content  while increasing the 

concentration of carbon dioxide to keep the vegetables fresh as long as possible[71]. 

However, the packaging must be a little permeable to oxygen because a too low concentration 

of oxygen triggers an anaerobic breathing process which induces bad taste and bad odors to 

vegetables, and then decrease their shelf-life. The selectivity coefficient αCO2/O2 for ISC10 

(αCO2/O2= 5.1) was comparable to petroleum-based common food packaging polyester PET 

(αCO2/O2= 5.0) [68], but larger than for IMC10 (αCO2/O2= 4.4), bio-based potential food 

packaging polyester PLA (αCO2/O2= 1.0~2.0) [72] and PEF (αCO2/O2 ≅ 3) [69], which indicated 

that ISC10 is more favorable for the fruits and vegetables preservation.  

The diffusion coefficient D was lower for ISC10 than for IMC10 whatever the gas 

(Table 6). These results were consistent with those obtained with water: the higher 

crystallinity and bigger crystals in ISC10 increased the tortuosity of the diffusion pathway, 

and also meant less free volume and less exposure of oxygen atoms in the ISC10 film, which 

could explain the lowest solubility to O2 and CO2 gases (S=P/D). 

Table 6 Gas permeation (P) and diffusion (D) coefficients of ISC10 and IMC10 films 

Polyester film N2  O2  CO2 
 P D x 106   P D x 107  P D x 108 

ISC10 0.09 1.26  0.26 2.78  1.32 1.98 
IMC10 0.18 2.50  0.46 3.86  2.04 2.54 
  P expressed in barrer (1 barrer = 10-10 cm3 STP⋅cm⋅cm-2⋅s-1⋅cmHg-1), D expressed in cm2⋅s-1. 

2.2.10 Relationship between microstructure and permeation properties 

As discussed before, the barrier properties of ISC10 and IMC10 may result not only 

from their semi-crystalline nature but also from the presence of liquid crystal regions, since 

these polymers contain rigid moieties (IS and IM) alternating with flexible PE-like sequences, 

which have a deep impact on barrier properties. The difference in mechanical and barrier 

properties for ISC10 and IMC10 films mainly depends on their crystal structures and 

crystallinity. The difference of crystallization ability between ISC10 and IMC10 can be 
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attributed to the chain orientation degree as shown in Figure 11, where A refers to the exo-

links and B refers to the endo-links. It is obvious that ISC10 repetition unit contains three 

kinds of links: exo-endo (A-C10-B), exo-exo (A-C10-A) and endo-endo (B-C10-B), while 

IMC10 repetition unit contains only endo-endo (B-C10-B) links. As predicted by Chemdraw 

Software, IMC10 has more regular bond connections in a short range that can crystallize, but 

the highly curved chains make it hard to crystallize by chain-chain packing. On the contrary, 

the exo-links in ISC10 induces a more oriented chain which can readily crystallize and give a 

more dense microstructure [73,74]: the more the exo-exo links are repeated in the chain the 

easier the chains crystallize by chain-chain packing. This difference in chain orientation 

explained why ISC10 showed better barrier properties. 

 

 

Figure 11  Polymer chains (gray) and the corresponding space-filling models (black) 

predicted by Chemdraw Software 

3  Conclusion 
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Six aliphatic bio-based polyesters including isosorbide and isomannide were 

successfully synthesized by bulk polycondensation. The chain length of the diacid units 

influenced the degradation and glass transition temperature as well as the crystallization. Only 

polyesters that contained more CH2 repeat units (ISC10 and IMC10) showed good film 

forming properties. Crystallinity, with the presence of liquid crystal phase, was evidenced in 

both ISC10 and IMC10. The endo/exo stereoisomerism of isohexide units (IS or IM) slightly 

influenced the thermal degradation and glass transition temperature, but influenced the 

crystallization properties and then the mechanical and barrier properties. The exo-exo 

stereoscopic configurations in polyesters were more inclined to crystallize than the endo-endo 

configurations. Thus, polyesters prepared from isosorbide showed better tensile strength and 

better barrier properties to water and gases than isomannide polyesters. Furthermore, the 

ISC10 polyester showed more toughness and similar barrier properties for both water and 

gases compared to PLA, and was even more barrier to gases than the common food packaging 

material PE. Even if the barrier properties of ISC10 were lower than PET and PEF, the 

selectivity to CO2 and O2 was more favorable for fruits and vegetables preservation. 

Isosorbide polyesters showed more advantages over isomannide polyesters in terms of price 

and permeation properties. Ongoing studies are focused on increasing glass transition and 

melting temperatures as well as crystallinity to enhance the thermomechanical and barrier 

properties of these promising food packaging materials. 
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