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Bio-based copolyesters involving 1,4:3,6-
dianhydrohexitols and sebacic acid: 2,6-
pyridinedicarboxylic acid as platforms for high gas
barrier food packagingf

Xuelian Liu, @2 Laurent Lebrun, {2 *° Nadége Follain @ ® and Nicolas Desilles (2 *?

Proposing renewable structures for food packaging applications is necessary for contributing to a low-
carbon and sustainable world. Thus, bio-based copolyesters, involving isosorbide (or isomannide),
sebacoyl dichloride, and a second rigid acid structure (succinyl dichloride, isophthaloyl chloride or 2,6-
pyridinedicarbonyl dichloride), were synthesized via polycondensation reactions. The M, values ranged
from 10600 to 18000 g mol™t. 'H NMR spectroscopy established the random copolymerization and
enabled the calculation of the respective monomer ratios in the copolymers. All copolyesters were
thermally stable with T4>”* higher than 328 °C and Tq ranging from 30 to 64 °C. The tensile test revealed
plastic fractures for aliphatic copolyesters and brittle fractures for aromatic ones. The highest Young's
modulus and tensile strength were obtained for aromatic copolyesters, whereas the largest elongation
at break was observed for aliphatic ones. All copolyesters showed good gas barrier properties, and the

best result was comparable to the widely used semi-crystalline PET.

1. Introduction

In 2015, at the Paris Climate Conference (COP21), 196 parties
came to an agreement to adopt the first-ever, legally binding
global climate convention that decided to develop a low carbon
society." This convention came into force on 4th November
2016,> and a subsequent low-carbon world conference is
planned by the France government to be conducted in June
2021 to further clarify national strategies.’ Thus, our world is
being highly promoted to move towards a low carbon society.
To achieve this goal, a large number of research studies have
been devoted to the development of clean energy and bio-based
products. However, the current global food packaging market is
still dominated by traditional polymeric materials, which con-
flicts the concept of low carbon and sustainable development.
According to 2018 data, 45% of the global fossil fuel supplies
not intended for energy purposes were used to produce plastics,
which is expected to increase to 60% by 2050,* and the volume
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of food packaging plastics is estimated to be around 40% of the
whole plastics consumption.® The extensive use of petroleum-
based polymers is threatening our planet by depleting crude oil
and accelerating global warming. Thus, more efforts are needed
to develop polymers from bio-based feedstocks.

Among the various bio-based feedstocks, 1,4:3,6-dianhydro-
hexitols attracted much research attention in recent years. Besides,
their molecular rigidity and chirality made them popular as plat-
forms for developing new bio-based polymers with high glass
transition temperature and/or special optical properties in the past
decades.®® Also, their non-toxicity allows them to be used in food
packaging and bio-medical devices.”® Particularly, the large scale
production of high purity isosorbide (POLYSORB®) by Roquette
further facilitates the development of low carbon footprint polymers
based on this molecule such as polyesters, polycarbonates
and thermoplastic polyurethanes (TPUs).>'® Furthermore, accord-
ing to Okada et al, the aliphatic polyesters based on 1,4:3,6-
dianhydrohexitols are biodegradable, which further enhances their
environmentally friendly competitiveness.™*

Our previous work suggested that the aliphatic polyesters
based on isosorbide (IS), or isomannide (IM), and sebacoyl
chloride (C10), named ISC10 and IMC10, respectively, have the
potential for food packaging application with satisfactory CO,/
0, selectivity (tco,0,).'> However, their low glass transition
temperature (T,) might be a limitation in terms of mechanical,
and water and gas barrier properties. Copolymerization with
rigid (cyclic or aromatic) moieties and/or shorter aliphatic
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segments is usually considered as an effective strategy to obtain
polyesters with enhanced T,."> In addition, the properties can
be readily tuned by varying the monomer type and the sequence
of incorporation.® Succinic acid (SA) is one of the most popular
short-chain aliphatic bio-based diacid, and its derivative succi-
nyl dichloride (C4) has already shown potential for the pre-
paration of high T, polyesters with IS or IM.”* Besides, some
rigid cyclic monomers, such as 2,5-furandicarboxylic acid
(FDCA25) and vanillin, have also been used as bio-based cyclic
building blocks.**® Recently, another promising rigid struc-
ture containing a pyridine ring, named 2,6-pyridinedicarboxylic
acid (PDA26) or dipicolinic acid, which could also be obtained
from biomass, attracted our attention for the preparation of
fully bio-based polyesters.*”*

PDA26 has a chemical structure similar to isophthalic acid
(IPA), but its polar pyridine ring instead of a non-polar benzene
ring may not only bring chain rigidity but also pyridine
functionality.'”*® As reported by Burgess et al., poly(ethylene
2,5-furandicarboxylate) (PEF) showed 19 x CO,, 11 x O, and
2 X H,O barrier compared to poly(ethylene terephthalate)
(PET)." These excellent barrier properties of PEF compared to
those of PET were attributed to its asymmetric polar furan
ring."®?° The structural similarity and polarity of PDA26 to
FDCA25 motivated us to investigate its influence on the proper-
ties of ISC10 and IMC10. Given the chelation of the pyridine
ring with metal catalysts'® and the spontaneous melting/decom-
position (248-250 °C) of PDA26, the chlorine derivative, 2,6-
pyridinedicarbonyl dichloride (PDD26), which is more active
and has a much lower melting temperature (T}, = 56-58 °C), was
chosen as a better option for catalyst-free polymerization and
evaluating the potential of the same structures as those that
would be obtained with carboxylic acids from biomass.

Thus, this article will focus on the preparation of fully bio-
based copolyesters, ISC10 and IMC10, by incorporating PDD26
or C4. For comparison, the copolyesters involving petroleum-
based IPA will also be prepared. Comprehensive discussions on
the thermal, mechanical and barrier properties will be done not
only between aliphatic and aromatic structures, but also within
aromatic structures (between polar pyridine and non-polar
benzene rings).

Solution:
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2. Experimental section
2.1 Materials

Isosorbide (IS, 98%), isomannide (IM, 95%), succinyl chloride (C4,
95%), sebacoyl chloride (C10, >95%), 2,6-pyridinedicarbonyl
dichloride (PDD26, 97%), ethylene glycol (>99%) and decane
(>99%) were purchased from Sigma-Aldrich. Isophthaloyl chloride
(IPC, 98%) was provided by Alfa Aesar. Dry toluene (99.85%) and dry
pyridine (99.5%) were obtained from ACROS Organics. Dichloro-
methane (CH,Cl,, reagent grade) was purchased from Fisher Scien-
tific. Methanol (CH;O0H, reagent grade) was supplied by VWR. Gases
(N, (>99.99%), CO, (>99.99%), and O, (>99.99%)) used for gas
and water vapor permeation were purchased from Messer France
S.AS. All reagents were used as received without further
purification.

2.2 Synthesis of copolyesters

The copolyesters were synthesized according to Scheme 1. The
preparation of ISC10C4 and IMC10C4 followed a previously
published procedure.*? ISC10PDD26, ISC10IPC, IMC10PDD26
and IMC10IPC were prepared according to the following steps:
IS (or IM, 10 mmol), C10 (5 mmol) and PDD26 (or IPC, 5 mmol)
were weighed in a 100 mL three-necked round-bottomed flask
equipped with a mechanical stirrer and a condenser. With the
introduction of a continuous N, flow, 15 mL of toluene was
added and the flask was dipped into an oil bath (80 and 95 °C
for IS and IM, respectively). When the solid particles (IS and
PDD26) disappeared, 5 mL of pyridine was added dropwise and
the temperature was kept at 80 °C (or 95 °C) for 12 h, then
increased to 115 °C and maintained for 12 h under N, atmo-
sphere. After cooling to room temperature, the media were
precipitated in methanol and purified 3 times by repeated
dissolution/precipitation (CH,Cl,/CH3;OH). Finally, they were
dried for 2 days at 40 °C under reduced pressure (15 mbar).

2.3 Preparation of polymer films

The polymer films were prepared by compression molding
using a hot press machine from Scamex (Press 20 ton
300 x 300). Film thickness was controlled to be around
150 pm using the thickness of an aluminum window. Each
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Scheme 1 Synthesis of IS and IM random copolyesters.
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sample was pressed for 5 min under 50 bars according to the
measured thermal properties (30-60 °C above T, or just above
Tm) and then stored in a desiccator at room temperature under
vacuum with P,O5 protection before measurements. IMC10C4
was isothermally crystallized at 55 °C for 3 days before storage.
The fully transparent films obtained are shown in Fig. 1.

2.4 Size exclusion chromatography (SEC)

The copolyester molar masses were measured by size exclusion
chromatography (PL-GPC50 from Varian) at 25 °C using two
PLgel MIXED-C 5 pm (300 x 7.5 mm) columns and a RI
detector. The samples were prepared by dissolving polymers
(210 mg) in dichloromethane (1.7 mL, HLPC grade), and
PMMA standards were used for calibration.

2.5 Fourier transform infrared (FTIR)

FTIR measurements were performed using a Spectrum Two
instrument from PerkinElmer, in the ATR mode (diamond cell)
at 25 °C. Each sample was scanned 10 times from 4000 to

650 cm ™.

2.6 'H nuclear magnetic resonance ("H NMR)

Chemical structures were determined by 'H NMR (Bruker,
300 MHz) with a TopSpin acquisition system at room tempera-
ture (20 °C) in CDCl;. The chemical shifts (0) were expressed in
parts per million (ppm) and referenced to the non-deuterated
residual solvent peak (6 = 7.26 ppm).

2.7 Thermogravimetric analysis (TGA)

The thermal stability of the polymers was investigated by TGA
(Q500 from TA Instruments) under nitrogen atmosphere. Two
aluminum layers were used to protect the platinum pan from
corrosion by the potentially released chlorine. Around 10 mg of
the sample was loaded in the pan and heated from 30 to 600 °C

at a heating rate of 10 °C min ™.

2.8 Differential scanning calorimetry (DSC)

The thermal properties of the polymers were investigated by
DSC (Q2000 from TA Instruments). Around 10 mg of the sample
was enclosed in an aluminum pan, and heated under a N,
atmosphere from —30 to 200 °C at 10 °C min™ ", followed by
cooling and a second heating.

2.9 Tensile tests

The mechanical properties of the polymer films were estab-
lished by tensile tests at room temperature (23 °C) using a
ZwickRoell Z010 apparatus with testXpert II software. A 500 N

Surfaces | 5

ISC10C4 IMC10C4

IMC10IPC IMC10PDD26

Fig. 1 Copolyester films prepared by hot pressing.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

load cell and 10 mm min~" cross-head speed were operated.
The dumbbell-shaped specimens were 1BB type according to
ISO 527-2. More than 8 tests were performed on each sample to
determine the final average value.

2.10 Surface energy

The water contact angle 0,, (°) and surface energy 7 (mN m ")
with polar (yP) and dispersive (y) parts were determined on
films at room temperature (23 °C) with water (MilliQ Milli-
pore®™ Water system), ethylene glycol, and decane. The size of
the droplet was controlled to 3 pL and the photo time within
500 ms. Each result was averaged from at least five measure-
ments. The surface energy was calculated using Windrop++
Carrousel software according to the Owens & Wendt method.

2.11 Liquid water sorption

The liquid water sorption measurements were performed at 25 °C.
The measurement was performed in triplicate for each sample
(A =1 cm?) using a balance (precision 0.1 mg): the initially dry film
(mq) was immersed into pure water (MilliQ Millipore Water system)
and the film mass (m,) was periodically weighed by carefully
removing the surface water. Then, the variation of the mass gain
(M;) vs. time (¢) was calculated according to eqn (1).

my; — mq

M, = % 100 (1)

mq

2.12 Water vapor sorption

The water vapor sorption behavior of the film was evaluated using
the DVS1 Advantage apparatus (Surface Measurement Systems Ltd)
at 25 °C as described before.”" Different water vapor activity steps
(aw = 0-0.95) were applied to the initially dry film (m4 = 15 mg).
Each step was completed when an equilibrium () was attained.
The water vapor sorption isotherms were plotted according to the
mass gain at equilibrium M, (eqn (2)) vs. ay.

Mg

Mea Z 1 100 ®)

M., =
eq mq

2.13 Water vapor permeation

The water vapor permeation measurements were performed at
25 °C using a previously described permeation cell.”” The water
vapor flux J through the film (4 = 3.6 cm?) as a function of time
¢t was measured at different a,,. The permeability coefficient P
was calculated at the steady-state (Js) according to eqn (3),
where Aa,, is the difference in water activity across the film
(thickness L).

p_ Jg X L

Aay,

(3)

2.14 Gas permeation

The gas (CO,, O, and N,) permeation measurements were
performed at 25 °C according to the previously described

Mater. Adv,, 2022, 3, 389-398 | 391
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time-lag method (upstream pressure p; = 4 bar and down-
stream compartment initially under vacuum).*® The permeabil-

ity coefficient P (expressed in barrer, 1 barrer = 10~ '° cm® (STP)
2

ecm cm ? s ! emHg ') was calculated according to eqn (4):
L dQ
T AAP dr @

where L is film thickness, A is film surface area (11.34 cm?), AP
is the pressure difference between upstream and downstream
compartments, Q is the detected quantity of gas that crossed
the film at time ¢ (s), and dQ/d¢ is the slope of the experimental
curve at the stationary state.

The gas diffusion coefficient D was calculated according to
eqn (5) (¢, is the time-lag value obtained from the extrapolation
of the steady-state asymptote to the time axis):

L2
D=
611

()

3. Results and discussion
3.1 Molar masses

1SC10C4 (M, = 18000 g mol ') showed a higher molar mass
than IMC10C4 (M, = 13000 g mol ). This was probably due to
the decreased reactivity already observed in our previous work
between IM and C4 which resulted in lower molar masses for
IMC4. The copolymerization involving aromatic moieties was
much more difficult to achieve in bulk since their rigidity
reduced chain-end mobility.>* Thus, the synthesis in toluene
with pyridine (method established by Storbeck et al.>®) was
tried. The molar masses are presented in Table 1. The higher
molar masses obtained with IS compared to IM were probably
due to the higher reactivity of IS.® Unfortunately, a general decrease
in molar masses was observed when incorporating aromatic moi-
eties, such as IPC and PDD26. This confirmed the difficulty already
encountered in producing high molar mass polyesters with 1,4:3,6-
dianhydrohexitols and aromatic compounds.® However, satisfactory
molar masses above 10000 g mol " were still obtained, with high
yields around 90%.

3.2 Structures

The FTIR spectra (Fig. S1, ESIt) showed the C—=0 and C-O of
ester groups stretching at 1730 and 1340-1130 cm ™', respec-
tively, which firstly confirmed the successful esterification.
Then, the successful copolymerization was confirmed by the
signals of the functional groups of the different components:
CH, stretching at 3050-2820 cm ™', aromatic C=C stretching at
1584 cm™ ', ester C-O stretching for aromatics at 1309, 1295,
1316, 1298 cm ™, and for aliphatics at 1235, 1230, 1157, 1234,
1228 and 1154 cm ™.

All proton signals found at the expected chemical shifts in
"H NMR spectra (Fig. S2, ESI¥) further confirmed the chemical
structures. The integrations globally corresponded to the dif-
ferent comonomers. The more split spectrum of ISC10C4 was
due to the exo-endo stereoscopic effect of IS, which induced an

392 | Mater. Adv, 2022, 3, 389-398
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Table 1 General data obtained for the synthetic copolyesters

Copolyester ISC10C4 ISC10IPC ISC10PDD26
M,* (g mol ™) 18000 15300 11500
M,* (g mol ™Y 33600 44000 26900
pb 1.9 2.9 2.3
Yield (%) 91 90 85
X:C10:Y molar ratio in polymer? 50:26:24 50:26:24 50:35:15
T, (°C) 30 61 40
1./ (C) - - -
AH (Tg7) - - —
Copolyester IMC10C4 IMC10IPC IMC10PDD26
M,¢ (g mol ™Y 13000 11000 10600
M,* (g mol™Y) 24700 27300 24200
pP 1.9 2.5 2.3
Yield* (%) 89 89 86
X:C10:Y molar ratio in polymer? 50:24:26 50:25:25 50:27:23
T, (°C) 30 55 64
W (C) 74/84/96° — —
AH (g7 12 - -

“SEC conducted in CH,Cl, with PMMA standards. ? Dispersity.
°1In precipitated polymer. ¢ Calculated from 'H NMR; X is the diol
(1S or IM); Y is the acyl dichloride. ° DSC second heating./ DSC first
heating. ¢ Multiple peaks.

irregular structure.”® Besides, the more complex and split

spectra of aromatic copolyesters compared to aliphatic ones
were probably due to the structural difference between alipha-
tics and aromatics which induced distinct environments for
hydrogens in IS and IM. The molar ratio of each component in
the polymer was then calculated by considering the proton
integrations of each comonomer (the equation is listed in
Fig. S2, ESIt), shown in Table 1.

In general, the molar ratio of the polymer was almost the
feeding molar ratio. The slight differences could be explained
by the small-scale used for the synthesis: a small difference in
monomer weighing cannot be ruled out, and controlling the
accuracy of the feeding ratio to ensure the targeted stoichio-
metric ratio is a challenging factor. However, some bigger
differences were observed when using PDD26, especially with
IS, which may be linked to its lower reactivity.

3.3 Thermal degradation

Fig. 2 shows the thermal stability of copolyesters analyzed by
TGA and the corresponding data are provided in Table S1
(ESIt). All copolyesters appeared to be thermally stable up to
328 °C with less than 5% weight loss. The copolyesters contain-
ing C4 and IPC showed higher thermal degradation tempera-
tures compared to those containing PDD26, which could be
linked with the higher C-C bond energy (83 kcal mol ") than
the C-N bond energy (73 keal mol ). No significant difference
could be noticed between the use of IS and IM.

3.4 Differential scanning calorimetry (DSC)

The DSC thermograms of copolyesters are presented in Fig. 3
and the corresponding values are provided in Table 1.

As stated previously, the stereoscopic difference between IS
and IM had little influence on T, nevertheless, some

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TGA thermograms of copolyesters.
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Fig. 3 DSC thermograms of copolyesters.

differences were observed between these copolyesters.'*>® Con-
sidering ISC10IPC and IMC10IPC had the same molar compo-
sition in comonomers, the higher T, of ISC10IPC could be
linked to its higher molar mass. On the contrary, ISC10PDD26
and IMC10PDD26 had similar molar masses, but IMC10PDD26
incorporated a much higher amount of PDD26, thus leading to
a higher T,. Finally, the same T, measured for ISC10C4 and
IMC10C4 was a cooperation result of molar mass and monomer
ratio. On the other hand, a higher T, was systematically
obtained by incorporating aromatic moieties. Excluding
ISC10PDD26 which had a low content of PDD26, the pyridine
structure (Ty = 64 °C for IMC10PDD26) was more efficient in
improving T, than the benzene structure (T, = 55 °C for
IMC10IPC). All copolyesters showed increased T, compared to
ISC10 (T, = 2 °C) and IMC10 (T = 0 °C)."?

Unfortunately, the incorporation of comonomers prevented
the polymers from -crystallization, except IMC10C4 which
exhibited a melting with AH,,, = 12 J g~ ". Its multiple melting
peaks (T, = 74/84/96 °C) with a wide melting range were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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probably due to a crystallization polymorphism coupling with
a melting/crystallization/re-melting process, which is a com-
mon trait of linear polyesters comprising both semi-rigid and
flexible chains.'**® However, the absence of melting during the
DSC second heating indicated the difficulty encountered in
reorganizing the molecular chain orderly from the melt.””

To provide preliminary information for IMC10C4 film pre-
paration, the crystallization behavior of this polymer was
further investigated by isothermal crystallization, after the first
melting at 150 °C, at T; = 55 °C for 0 to 5 days (¢;) (Fig. S3, ESIf).
After a broadening of the endothermic peak and an increase in
the melting enthalpy when the crystallization time increased,
the crystallization seemed to reach its final state after three
days at 55 °C. Hence, these annealing conditions were used
before IMC10C4 film preparation.

3.5 Mechanical properties

The representative tensile curves of polymer films are shown in
Fig. 4 and the corresponding tensile parameters are recorded in
Table 2.

Fig. 4 discloses the brittle fractures of semi-aromatic copo-
lyesters and the plastic fractures of aliphatic ones. The incor-
poration of rigid comonomers, such as C4, IPC and PDD26,
naturally increased the stiffness (E increased at least 6 times)
and the tensile strength (o}, increased at least 3 times) of ISC10
(E=127 + 20 MPa, 6, = 4.2 & 0.8 MPa, &, = 19 & 5%) and IMC10
(E =125 4+ 10 MPa, o, = 1.0 + 0.2 MPa, &, = 16 + 3%), but
decreased the elongation at break (except ISC10C4 which will
be discussed later).’> This phenomenon was even more
observed for IPC and PDD26 (but to a lesser extent for
ISC10PDD26 due to its lower PDD26 content) compared to
C4: the aromatic moieties brought more chain stiffness,
strength, and brittleness. Furthermore, despite a lower molar
mass, IMC10C4 showed higher E (1180 MPa) and o}, (21.0 MPa)
and restricted elongation at break (&, = 12%) compared to
ISC10C4, certainly due to its crystallinity.

It should be stressed that ISC10C4 presented a very parti-
cular behavior. Indeed, the incorporation of C4 in ISC10C4 not

60-; oo —SC10C4
] e ISC10IPC
a4 = |SC10PDD26
50
ol ——IMC10C4
——IMC10IPC
401 ] = IMC10PDD26
&
§30_ 20
S 10 ~
201
0 T T
0 8 10 15
10
0 1 & T ¥ T T T
0 50 100 150 200 250
8(00)

Fig. 4 The stress—strain curves of copolyester films.
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Table 2 Tensile parameters of the copolyester films

Polyester film E (MPa) op (MPa) &p (%)

1SC10C4 770 &£ 90 11.8+ 1.1 220 + 20
ISC10IPC 2100 + 50 59.0 £ 1.7 3.6 £ 04
ISC10PDD26 850 £ 80 8.0 £ 2.6 6.0 £ 1.5
IMC10C4 1180 £ 80 21.0 £ 2.7 12.0 £ 1.0
IMC10I1PC 1820 + 30 50.0 £ 1.7 3.0£0.3
IMC10PDD26 1900 £ 40 50.0 £ 1.2 3.0+ 04

E, Young’s modulus; oy, stress at break; ¢, strain at break.

only brought much higher E (770 MPa vs. 127 MPa) and ay,
(11.8 MPa vs. 4.2 MPa) compared to ISC10, but also largely
increased &, (220% vs. 19%)."> The increase in E and oy, was
probably due to the increase of Ty, above room temperature,
while the increase in ¢, may be related to its high molar mass
coupled with a T, close to the ambient temperature, thus even
slight localized heating due to the tensile stress could favor
chain disentanglement.?® Another interesting phenomenon
was observed for ISC10C4: the stretched sample, even after
being broken at its maximum elongation (220%), recovered
almost its original dimensions and retained only a 10% strain
(5.5 cm vs. 5 cm) after being brought to the external tempera-
ture of the human body (35-37 °C) (Fig. S4 (ESIt) and attached
video).

3.6 Contact angle

The copolyesters showed no obvious difference in surface
properties (Table 3). Only a slightly lower 0,, (or higher ") was
observed for ISC10PDD26 and IMC10PDD26 compared to other
copolyesters, probably due to the presence of the polar pyridine
sites. All copolyesters showed similar surface energies and
water contact angles compared to ISC10 (' = 31.0 mN m ™/,
0, =85 & 1.0°) and IMC10 (3" = 29.6 mN m "', 6,, = 83 + 0.5°)."*

3.7 Liquid water sorption

The liquid water sorption results are presented Fig. 5.

All copolyesters showed increased liquid water sorption
compared to ISC10 (M., = 0.55 £ 0.05%) and IMC10
(Meq = 1.03 £ 0.09%), which is probably because their large
amorphous domain allows a larger water uptake.”
ISC10PDD26 (Meq = 5.8 £ 0.5%) and IMC10PDD26 (Meq =31
=+ 0.3%) showed a higher liquid water sorption, which could be

Table 3 Surface energies and water contact angles of the copolyester
films

Polyester films " (mNm™") Y mNm™) P (mNm") 6, ()

ISC10C4 28.8 23.4 5.4 86 + 1.7
ISC10IPC 28.6 23.2 5.4 87 £1.2
ISC10PDD26 30.5 24.2 6.3 84 £1.5
IMC10C4 28.8 23.3 5.5 86 £ 0.8
IMC10IPC 28.3 23.1 5.2 87 £ 1.0
IMC10PDD26 31.2 24.3 6.9 83 £1.3

7%, total surface energy with dispersive (7) and polar (yP) parts; 0,,, water
contact angle.
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Fig. 5 Liquid water sorption of copolyester films.

due to the presence of hydrophilic pyridine sites in the polymer
structure. However, the higher water uptake of ISC10PDD26
compared to IMC10PDD26 was unexpected since ISC10PDD26
contained less pyridine moieties (30 mol% for ISC10PDD26;
45 mol% for IMC10PDD26). It should be mentioned that water
sorption in polyesters is complex since water molecules show
great interactions with the polymer matrix.>* Thereby, the
sorption of water molecules in polymers can lead to dimen-
sional changes through the swelling of the polymer matrix and
the decrease of the glass transition temperature (73), which will,
in turn, result in larger water sorption.>* > Thus, the effect of
liquid water sorption at T, for ISC10PDD26 and IMC10PDD26
was checked by DSC measurements (Fig. 6). T, after water
sorption (Tgn,0) for ISC10PDD26 (Tyn,0 = 20 °C) was below
the experimental temperature (7 = 25 °C), while for
IMC10PDD26 (Tgu,0 = 43 °C) it remained above 25 °C. Even
if Ty n,0 for both ISC10PDD26 and IMC10PDD26 was decreased
by 20 °C, the high initial T, of IMC10PDD26 (64 °C) allowed its
Ty u,0 to stay above 25 °C, in contrast to ISC10PDD26. The lower
Tyn,0 of ISC10PDD26 than 25 °C indicated that the sample was
in the rubber state with a larger free volume, which allowed
higher water uptake.****

More generally, we noticed that all the samples showed a
decreased T, after water sorption, which is known as water-
induced plasticization.?>*® For ISC10IPC, IMC10IPC and
IMC10PDD26, their high initial 7, allowed preserving their
glassy state because their final Ty p o stayed above 25 °C, in
contrast to ISC10C4, ISC10PDD26 and IMC10C4. IMC10C4,
IMC10IPC and ISC10IPC showed better resistance to water
plasticization with a lower decrease of T,. Consequently, the
liquid water sorption was less pronounced for them. The
nonpolar aromatic benzene ring in IPC and the semi-
crystalline nature of IMC10C4 can explain this behavior. Com-
bining the changes in T, with the water sorption behavior, we
can generally conclude that the ability to resist water plasticiza-
tion is an important factor determining the water sorption of
these glassy state copolyesters.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The DSC thermograms of copolyester films before (solid) and after
(dash) liquid water sorption.

3.8 Dynamic vapor sorption

The water vapor sorption isotherms of copolyester films are
presented in Fig. 7.

All copolyesters exhibited an increase in water vapor sorp-
tion compared to ISC10 and IMC10 (e.g. M.q = 0.58% and
M.q = 1.08% at water activity a,, = 0.95, respectively).'* The
values at a,, = 0.95 followed the same order as observed for
liquid water sorption with the highest sorption value for
ISC10PDD26 and the lowest for ISC10IPC. All isotherms dis-
played sigmoid profiles and obeyed the three steps of Park’s
model with a first Langmuir, then a Henry sorption and finally
the aggregation of water molecules.’” The corresponding Park’s
model parameters are provided in Table 4. At a,, < 0.1, typical
Langmuir-type sorption is related to the adsorption of water
molecules onto the specific hydrophilic sites, such as polar
groups or micro-voids on the surface of films.*® At this a,
ISC10PDD26 and IMC10PDD26 exhibited higher sorption with
larger by, values compared to other copolyesters due to their

== |SC10C4

Meq (%

0.0
0.0

0.2

04 06 08
aw (water activity)

1.0

Fig. 7 The water vapor sorption isotherms of copolyester films.
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hydrophilic pyridine sites. The higher Langmuir constants of
ISC10IPC compared to ISC10C4 are related to the Langmuir
sites of the former (4, = 1.20 x 107° (g g ') vs. 4, =
0.55 x 1072 (g g 1)). A possible explanation could be found in
their structure: even though the whole benzene ring is a non-
polar structure, the IPC ring has a dipolar moment greater than
the C4 unit. The lowest Langmuir-type sorption of IMC10C4
was probably due to the presence of crystallites that reduced
the value of 4;.>°*%%° When the preferential sites were occu-
pied, the isotherms became linear owing to random dissolu-
tion/diffusion (Henry’s type sorption) of water molecules in the
polymer matrix.** The solubility coefficient S (analogous to ky)
can be then calculated from the slope of the linear part
(aw = 0.2-0.7) of the isotherms. The large S values for
ISC10PDD26 (S = 10.6 x 10™° gy o gpol ') and IMC10PDD26
(S =81 x 107° guo Zpor ') could be explained by their
hydrophilic pyridine sites. ISC10IPC (S = 6.3 X 10™° gi1,0 8pol )
and IMC10IPC (S = 5.8 x 107° 21,0 Zpol ') showed lower
solubility compared to ISC10C4 (S = 8.3 x 10 > g o ool )
and IMC10C4 (S=7.1 x 10> g1,0 8por '), Which was contrary to
their Langmuir-type sorption. This was probably due to the
larger water-induced polymer swelling of the latter,>***> which
has been previously discussed for the liquid water sorption. At
a, > 0.7, an exponential increase of sorbed water concen-
tration was observed due to the formation of water aggregates.
K, values were larger for ISC10PDD26 and IMC10PDD26 indi-
cating more water aggregates but with similar sizes regardless
of the sample. This reveals that ISC10PDD26 and IMC10PDD26
were more hydrophilic than other copolyesters for the whole
range of water vapor activity. It was not surprising that the polar
pyridine sites showed strong affinities to water molecules.

3.9 Water vapor permeation

The water barrier properties were evaluated using water vapor
permeation measurements as reported in Fig. 8.

The high Py ; values over the entire water activity range for both
ISC10C4 and ISC10PDD26 could be attributed to the polymer
swelling. It is surprising to obtain a high Py ¢ value for IMC10C4
because this polyester is semi-crystalline. This could be explained by
its low T, that decreased in the presence of water and consequently
induced large swelling at high a, values. The Py values of
ISC10IPC, IMC10IPC, and IMC10PDD26 were generally lowest and
constant, which validated the ability of these polymers to resist
swelling. The higher Py  values of IMC10PDD26 compared to those
of ISC10IPC and IMC10IPC could be due to the higher water
solubility brought by the polar pyridine sites. Then the lowest Py o
values for ISC10IPC and IMC10IPC seemed reasonable, due to their
resistance to swelling and low polarity. All copolyesters showed
reduced Py values compared to ISC10 and IMC10,"* which was
probably due to the increased T,. Thus, we can generally conclude
that the T, and polarity of these copolyesters were the two dominant
factors that influence their water vapor permeation behaviors.

3.10 Gas permeation

As described in the experimental part, the gas permeation was
conducted under differential pressure. However, IMC10IPC and

Mater. Adv,, 2022, 3, 389-398 | 395
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Table 4 Sorption parameters of the Park’'s model
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Polyester film AL x10° (gg " by, kg x 10° (g2 K, x10° (gg ™) N,

ISC10C4 0.55 £ 0.03 0.42 £ 0.01 10.6 £ 1.1 0.92 £ 0.05 4.0 £ 0.1
ISC10IPC 1.20 £+ 0.07 0.47 + 0.04 3.9=+0.2 0.85 £ 0.03 4.0 £ 0.2
ISC10PDD26 0.55 £ 0.05 3.00 £ 0.20 15.5 £ 1.3 1.32 £ 0.13 3.0+ 0.1
IMC10C4 0.35 + 0.02 0.40 + 0.01 9.0 £ 0.5 0.87 £ 0.04 4.0 £ 0.1
IMC10IPC 1.30 + 0.09 0.50 £ 0.03 3.7+0.2 0.80 £ 0.03 5.0 £ 0.2
IMC10PDD26 0.12 + 0.01 38.4 + 2.0 10.4 £ 0.9 1.00 £+ 0.07 4.0 £ 0.1

A;, Langmuir’s capacity constant; by, Langmuir affinity constant; kg, Henry’s type solubility coefficient; K,, equilibrium constant for clustering

reaction; n,, average number of water molecules per cluster.
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Fig. 8 Water vapor permeation coefficient (PHZO) of copolyester films at
different water activities (a,).

IMC10PDD26 were not resistant enough to the experimental
pressure. Consequently, a PDMS membrane was used as a
support to assist their gas permeation measurements. In this
case, diffusion coefficient (D) values cannot be accurately
calculated using the time-lag method, thus only permeation
coefficients (P) were discussed for these two samples. Their P
values were calculated according to the law of resistors in series
P, P Pppms
li 1 Ippms
thickness, Pppyms and lppys are the permeability and thickness
of the PDMS membrane, and P and [ are the permeability and
thickness of the tested film. The gas permeation coefficients (P)
for N,, O, and CO, are presented in Fig. 9 (main data are
provided in Table S2, ESIt).

Even with the loss of crystallinity, all copolyesters showed
enhanced gas barrier properties (decreased P values) compared
to ISC10 (Py, = 0.09 barrer, P, = 0.26 barrer, Pgo, = 1.32 barrer)
and IMC10 (Py, = 0.18 barrer, Po, = 0.46 barrer, Poo, = 2.04
barrer)."” This was due to the increase in the T, values for all
copolyesters: their glassy state at 25 °C (experimental tempera-
ture) allowed limited chain movements for gas penetration. All
copolyesters showed P values following the well-known order
reported by Van Krevelen:*' Py < Py, < Pco,. This ranking is a
result of the double dependence of permeability on diffusivity,

, where P, and [, are the total permeability and
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Fig. 9 Gas permeation coefficients (P) of copolyester films.

N2 02

mainly on the kinetic diameter of the permeants (dy,
(0.364 nm) > do, (0.346 nm) > dco, (0.33 nm)), and solubility,
mainly on the critical temperature (7) of the permeants (T(co,)
(31 °C) > To,) (—118 °C) > T, (—147 °C)).**

It is known that the large sorption of CO, molecules will
plasticize a glassy polymer matrix."” However, CO, (Tcco,) =
31 °C) is much less condensable than water (Tc(u,0) = 374 °C);
thus, the plasticization by CO, usually needs a high feeding
pressure (depending on the polymer, but usually >10 bar).*?
Considering the low CO, feeding pressure (3 bar) in our case,
the CO, plasticization effect will be ignored in our discussion.

It should always be kept in mind that P is a combined result
of D (obtained by the time-lag method) and S (deduced from P
and D coefficients); any factor that affects D and S can conse-
quently influence P. To support our discussion, the S and D
values of ISC10C4, ISC10IPC, ISC10PDD26, and IMC10C4 are
provided in Table 5.

Thus, the influence of several factors on the gas permeation
properties was discussed. Firstly, the main chain type (aliphatic
vs. aromatic) was investigated. The incorporation of aromatic
moieties (ISC10IPC and ISC10PDD26) is generally more effi-
cient in increasing gas barrier properties than the incorpora-
tion of the aliphatic one (ISC10C4). This was probably due to
the higher chain stiffness which caused lower mobility of chain
segments, thus creating diffusion restriction.** Concerning the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Gas solubility and diffusion coefficients (S and D) of IS copolyester films and IMC10C4 film

D x 10" (em® s ™) S x 10° (em*(STP) cm™® cmHg ')

Ny O, CO, N, 0, CO,
ISC10C4 9.4 £ 0.6 16 =1 76 £5 9.0 + 0.6 10.1 £ 0.6 8.3 + 0.7
ISC10IPC 4.9 £ 0.3 8.2 + 0.6 48 £ 3 9.2 + 0.7 9.6 +£ 0.6 8.3 + 0.6
ISC10PDD26 4.5+ 0.3 6.8 £ 0.5 28 £2 9.5 + 0.7 11.3 £ 0.8 13.3 £ 0.9
IMC10C4 2.5+ 0.2 5.4+ 0.4 35+2 7.7 £ 0.5 7.8 £ 0.6 7.4 + 0.5

aromatic moieties (m-phenylene ring vs. 2,6-pyridine ring), the
lower P values of ISC10PDD26 and IMC10PDD26 compared to
ISC10IPC and IMC10IPC indicated that the 2,6-pyridine ring
structure brought more barrier properties. Considering that the
copolyesters were amorphous, the lower gas permeability of
ISC10PDD26 and IMC10PDD26 may be due to the polar pyr-
idine ring which induced chain-chain (inter/intrachain) attrac-
tions, thus allowing a close chain—chain packing and restricting
chain segmental motions.*> Similarly, the higher PDD26 incor-
poration ratio could explain the higher gas barrier properties of
IMC10PDD26 compared to ISC10PDD26. Besides, the semi-
crystalline IMC10C4 was more barrier (Py, = 0.019 barrer,
Po, = 0.04 barrer, Pco, = 0.26 barrer) than amorphous ISC10C4
(Pn, = 0.084 barrer, Py, = 0.12 barrer, Pco, = 0.59 barrer), which
was expected since crystallites are generally impermeable to
gases.*®*” This explanation was verified by both lower S and D
values for IMC10C4. Finally, even if ISC10IPC showed slightly
enhanced gas barrier properties than IMC10IPC, we cannot
generally conclude that the exo/endo stereoscopic structure of IS
was more barrier to gases than the endo-endo stereoscopic
structure of IM, because the higher chain entanglement caused
by the larger molar masses of ISC10IPC also decreases gas
permeability.

To sum up, the enhanced T, effectively improved the gas
barrier properties of ISC10 and IMC10 polyesters. Besides,
retaining crystallinity is a supplemental positive factor for gas
barrier properties. Regardless of the semi-crystalline nature of
IMC10C4, the chemical structures of the introduced rigid
moieties showed the abilities (4,) to decrease P values in the
following order: A,(PDD26) > AL(IPC) > A,(C4). All copolye-
sters showed better gas barrier than PLA containing 98%
rlactide (Py, = 4.99 barrer, Po, = 0.11-0.56 barrer and Pco, =
1.88 barrer). Although the barrier properties of IMC10PDD26
were much lower than those of PEF (P, = 0.004 barrer and
Pco, = 0.012 barrer),” they were comparable to those of semi-
crystalline PET (PO2 = 0.018-0.030 barrer and Pgo, = 0.12-0.16
barrer).** These efficient gas barrier properties of IMC10PDD26
may be attributed to its asymmetrical polar 2,6-pyridine ring.

4. Conclusions

This work was focused on the preparation of bio-based ISC10
and IMC10 copolyesters with enhanced properties. The general
idea was to incorporate a third rigid monomer via copolycon-
densation. The third rigid monomer was either aliphatic (C4) or
aromatic (IPC and PDD26). High molar masses were achieved
for aliphatic copolyesters, while generally lower molar masses

© 2022 The Author(s). Published by the Royal Society of Chemistry

were obtained for aromatic ones. All copolyesters showed good
thermal stability with T,°* higher than 328 °C and T, ranging
from 30 to 64 °C. The third rigid monomer, and more generally
the aromatic skeleton, especially the pyridine skeleton, signifi-
cantly improved the T, of ISC10 and IMC10. All copolyesters
showed improved barrier properties (both to water and gases)
compared to ISC10 and IMC10. IMC10PDD26 showed the best
gas barrier properties, which was linked to its pyridine struc-
ture. These high gas barrier properties were comparable to
those of the widely used semi-crystalline PET.
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