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A family of poly(ester urethane)s obtained by chain extending hydroxyl-terminated polyester prepolymers
has been studied. Poly(butylene cyclohexanedicarboxylate) has been coupled in different mass ratios with
two poly(butylene succinate)-based random copolymers containing ether linkages. So, five high molecular
weight bio-based poly(ester urethane)s have been designed. The effect of the chemical structure and of the
mass ratio of the two blocks in the final polymer has been evaluated by characterizing the materials from
a molecular, thermal and mechanical point of view. In addition, envisioning a food packaging application,
biodegradation in compost and measurement of the gas barrier properties have been carried out and
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1. Introduction

Together with the increase of the world's population, food
demand is continuously growing. Nowadays, food products
often travel a long way before reaching the final consumer.
Therefore, their freshness and quality must be preserved and
prolonged as much as possible. The traditionally used food
packages, made of glass or metal cans, have been rapidly
replaced by plastic materials, due to their superior performance
in terms of mechanical properties, lightness and costs.

This trend is confirmed by the data concerning the use of
plastic materials. Packaging alone accounts for about 40% of
the European plastic market."

The main scope of plastic packaging is to protect the product
from spoilage caused by environmental factors, like gases,
chemical agents, microorganisms, odors, vibrations, shocks or
compressive forces.> Oil-based plastics are cheap and well
respond to the above mentioned requirements. Therefore, they
are widely employed in the packaging industry. Polyethylene
(PE), polypropylene (PP), poly(ethylene terephthalate) (PET) and
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nylon are the most commonly used polymers in this regard.?
However, because of their low biodegradability, these materials
accumulated over the years in the environment where they were
disposed as waste, causing serious pollution problems.

A more sustainable alternative is represented by biopoly-
mers. The term biopolymer stands for bio-based and biode-
gradable polymers (such as poly(lactic acid) or starch), bio-
based, but not biodegradable polymers (such as bio-PE) or oil-
based biodegradable polymers (like poly(e-caprolactone)
(PCL)). In particular, biodegradable polymers, either obtained
from fossil or renewable resources, may mitigate the environ-
mental issues related to the extensive use of packaging mate-
rials. Although very interesting, biodegradable polymers are not
yet widely employed for packaging applications, due to their
higher costs and lower performances, especially as regards the
barrier properties, with respect to traditional plastics.?

Different strategies can be employed to improve the barrier
performances of packaging, such as using multilayer structures
or coatings, the blending of two or more polymers, the chemical
modification through copolymerization or grafting, the design
of composites or nanocomposites.®

In this framework, with the aim of designing new biode-
gradable high-performance polymers, we have studied fully-
aliphatic multiblock copolymers based on poly(butylene cyclo-
hexanedicarboxylate) (PBCE) and poly(butylene succinate-co-
diglycolate) random copolymers (P(BSxBDGy)).

Hydroxyl-terminated poly(butylene cyclohexanedicarboxylate)
(PBCE-OH) and poly(butylene succinate-co-diglycolate) random
copolymers with two different compositions (P(BS70BDG30)-OH
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and P(BS50BDG50)-OH) have been synthesized by melt poly-
condensation. Then, high molecular weight poly(ester urethane)s
have been prepared by chain-extension with hexamethylene dii-
socyanate (HDI). Each polymer has been obtained by coupling
together PBCE-OH with P(BS70BDG30)-OH or P(BS50BDG50)-OH
in different mass ratios. All the monomers employed in the
synthesis of the prepolymers can be potentially prepared from
renewable resources. While the pathways to 1,4-butanediol and
succinic acid are well-known,* 1,4-cyclohexanedicarboxylic acid
can be prepared through hydrogenation of bio-based tereph-
thalic acid derived from limonene.’ Finally, a bio-based route to
diglycolic acid can be also hypothesized, starting from bio-
ethanol. Diethylene glycol, from which diglycolic acid is
prepared, is produced by the partial hydrolysis of ethylene oxide
that, in turn, is obtained by direct oxidation of ethylene. Last but
not least, ethylene can be produced via dehydration of
bioethanol.

The monomer selection has been dictated by the need of
optimizing the contribution of each prepolymeric block. PBCE
has been chosen because of its high melting point and good
barrier behavior,*” while ether-oxygen containing copolymers
have been considered because of their improved chain flexi-
bility and higher biodegradation rate.*®

As above mentioned, low gas permeability is highly desirable
to prolong the product shelf-life. To avoid food deterioration
during storage, various techniques have been adopted over the
years, such as lower storage temperatures and/or the use of
modified atmosphere packaging (MAP)."* To define the more
suitable packaging for a certain type of food and to assure the
optimum inside atmosphere conditions, the food respiration
rate and the gas permeability through the polymer matrix must
be taken into account. These two factors are linked to each other
and depend on other parameters, such as film thickness and
storage temperature.

To analyze the barrier properties of the synthesized polymers
and to better understand structure/property relations, a deep
permeability characterization has been carried out by employ-
ing different gases (0,, CO,, N, and C,H,) and temperatures
(8, 15, 23 °C).

The main permeants studied in packing technology are O,,
CO, and N,. The O, concentration is responsible for the food
respiration rate. Lower respiration rate slows down the enzy-
matic degradation. On the contrary, high O, levels accelerate
tissue deterioration, causing off-odors production.”* Carbon
dioxide has an antimicrobial effect on the packaged food,
while N, is an inert gas used to complete the inside package
atmosphere and to prevent the film collapse.” C,H, perme-
ability was on the contrary analyzed because this gas promotes
the enzymatic activities, softening and ripening of fresh food
like cut fruit and vegetables. It is responsible for increased
chlorophyllase activity that causes chlorophyll destruction and
its conversion to the olive brown pheophorbide, with changes in
chromatic characteristics of the vegetable tissue.*®

Lastly, to describe the temperature dependence of the
permeation process, the Arrhenius model was employed to
calculate the activation energy for gas transmission (Egrg), heat
of solution (Hs) and diffusion (Ep) processes.
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2. Materials and methods
2.1. Materials

Trans-cyclohexane-1,4-dicarboxylic acid (CHDA) was purchased
from TCI (Tokyo, Japan), while succinic acid (SA), diglycolic acid
(DGA), 1,4-butanediol (BD), titanium tetrabutoxide (Ti(OBu),)
and hexamethylene diisocyanate (HDI) were obtained from
Sigma Aldrich (Saint Louis, MO, USA). CHDA, SA, GA, BD, and
HDI were used as supplied. Ti(OBu), was distilled prior to use.

2.2. Polymer synthesis

PBCE-OH, P(BS50BDG50)-OH and P(BS70BDG30)-OH have been
synthesized by two-step melt polycondensation by reacting
respectively BD and CHDA and BD, SA and DGA in different
molar ratios (SA/GA = 70/30 and SA/GA = 50/50). 60% molar
excess of diol was used with respect to the diacid content.
Ti(OBu), (150 ppm of Ti per g of polymer) was employed as
catalyst. In a typical setup, a 200 mL glass reactor was placed in
a silicon oil bath. Nitrogen flow was applied and the tempera-
ture was set at 190 °C. When more than 90% of the water
produced during esterification was distilled off (about 90 min),
pressure was gradually reduced to 0.1 mbar and the tempera-
ture was risen to 220 °C. Polymerization reaction was stopped
when a torque increase of 2-3 N c¢m, with respect to the value
recorded at the beginning of the synthesis, was observed. The
so-obtained prepolymers were purified by dissolution in chlo-
roform and precipitation in methanol. The samples were kept
under vacuum at room temperature for at least one week to
remove the residual solvent.

Chain extension reactions were performed at 170 °C under
nitrogen atmosphere. HDI was added to the molten prepol-
ymers. The reactions were carried out until a constant torque
was measured. An equimolar amount of isocyanate groups with
respect to the —-OH terminal groups concentration was consid-
ered. The PEUs were purified by dissolution in chloroform and
precipitation in methanol.

Multiblock copolymers were prepared by chain extending
PBCE-OH (A) with P(BS70BDG30)-OH (B) and P(BS50BDG50)-
OH (C) in different mass percentages. The polymers obtained
are thus A50B50, A30B70, A50C50, A30C70. The values of the
acronyms represent the feed mass percentages of each prepol-
ymer. Chain extended PBCE was also considered for sake of
comparison.

2.3. Filming process

Films were prepared by compression moulding. The polymer
powders were placed between Teflon sheets in a Carver press
(Wabash, IN, USA) at 40 °C above the melting temperature.
When molten, a pressure of 2 metric tons was applied for 2 min.
Finally, films were cooled down to room temperature in press by
using tap water, keeping the pressure applied. Prior to analyses,
the films were stored at room temperature for at least 15 days to
attain equilibrium crystallinity.

The thickness of each film was measured with a DMG
Sample Thickness tester. The average of 50 different measure-
ments has been considered.

This journal is © The Royal Society of Chemistry 2016
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2.4. Characterization

Polymer structure and molecular composition were evaluated
by 'H-NMR spectroscopy at room temperature. A Varian Inova
400 MHz instrument (Agilent Technologies, USA) was used for
the measurements.

Molecular weights were determined by gel-permeation
chromatography (GPC) at 30 °C with a 1100 HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with
PLgel 5 pm MiniMIX-C column (Agilent Technologies). A
refractive index was employed as detector. Chloroform was used
as eluent with a 0.3 mL min~" flow and sample concentrations
of about 2 mg mL™". A molecular weight calibration curve was
obtained with polystyrene standards in the range of molecular
weight 800-100 000 g mol .

Static contact angle measurements were performed on
polymer films using a KSV CAM101 (KSV, Espoo, Finland)
instrument at ambient conditions, by recording the side
profiles of deionized water. At least five drops were observed on
different areas of each film. Image analysis was carried out with
a Drop Shape Analysis software. Contact angles are reported as
the average value £ standard deviation.

TGA was carried out under nitrogen atmosphere by means of
a Perkin Elmer TGA7 apparatus (Waltham, MA, USA). Gas flow of 30
mL min~ " and heating scan of 10 °C min~ " were used for the analyses.

A Perkin Elmer DSC6 was used for the calorimetric
measurements. Aluminium pans containing about 10 mg of
polymeric samples were heated up from —70 °C to 40 °C above
fusion temperature at a rate of 20 °C min~ . Crystallization rate
under non-isothermal conditions was determined by heating
the samples to about 40 °C above fusion, kept there for 3 min
and then cooled at 5 °C min ™.

X-ray diffraction (XRD) patterns of polymeric films were
performed in the wide-angle region by means of a PANalytical
X'PertPro diffractometer (Almelo, The Netherlands) equipped
with a fast X'Celerator detector. The radiation was supplied by
a copper target (A = 0.1548 nm) and 567 points at interval
0.1° (26) were scanned for 100 s each. The crystallinity index X,
was calculated as the ratio between the area subtended by the
peaks and the total diffraction area, cleaned by the incoherent
scattering.

A Zwick Roell Texture machine (Ulm, Germany) mod. Z2.5,
equipped with a rubber grip and a 500 N load cell was used for
the measurements. The tensile measurements were carried out
in accordance to the ASTM D882-09 (Standard Test Method for
Tensile Properties of Thin Plastic Sheeting), with some modi-
fications. Rectangular films of length equal to 50 mm and width
of 5 mm were employed. Initial grip-to-grip separation was 23
mm and the crosshead speed of 50 mm min . At least five
replicates were run for each sample and the results are provided
as the average + standard deviation. Cycling loading (20 cycles)
was performed under the same experimental conditions, and
the film samples were strained to 50%.

SEM micrographs were acquired on a desktop Phenom
microscope (Phenom-World B.V., Eindhoven, The Netherlands)
on gold sputtered films glued with carbon tape on aluminium
stabs.

This journal is © The Royal Society of Chemistry 2016
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2.5. Composting

Degradation tests were performed at 58 °C. Each poly(ester
urethane) film (diameter of 16 mm, 0.2 mm thick) was placed in
a darkened vessel and sandwiched between two layers of
compost (20 g each). Finally, 10 mL of deionized water were
added. Mature compost provided by HerAmbiente S.p.A.
(Bologna, Italy) has been used for the experiments. The compost
had the following composition (as declared by the supplier): pH:
8.15; salinity: 2.88 dS m™"; organic carbon: 22.08% of the dry
solid; humic and fulvic carbon: 13.44% of the dry solid; C/N
ratio: 12.97.

Sample dry weight was measured prior to incubation. At
predetermined time intervals, specimens were recovered from
compost, washed according to the procedure previously
described,** and dried to constant weight. The mass loss was
gravimetrically determined.

2.6. Permeability measurements

Permeability tests were performed by a manometric method. A
Permeance Testing Device, type GDP-C (Brugger Feinmechanik
GmbH, Munich, Germany), according to ASTM 1434-82, DIN 53
536 in accordance with ISO 15105-1 and according to Gas
Permeability Testing Manual (Registergericht Miinchen HRB
77020, Brugger Feinmechanik GmbH). Method A was employed
in the analysis, as just reported in the Brugger manual, with
evacuation of top/bottom chambers.

The film (of an area of 0.785 cm?) was placed between two
chambers. A film mask has been used to cover the rest of the
permeation chamber. The amount of gas flowing through the
membrane is determined from the pressure variation due to the
gas accumulation in the closed downstream chamber. Gas
Transmission Rate (GTR) was determined considering the
pressure increase in relation to the time and the volume of the
device. Time lag (t.), diffusion coefficient (D) and solubility (S)
of the test gases have been also measured. The mathematical
relations used for the calculations are well reported in the
literature.>*®

Measurements have been carried out at 8, 15 and 23 °C with
a gas stream of 100 cm® min™", 0% of gas RH. Chamber and
sample temperature were controlled by an external thermostat,
KAAKE-Circulator DC10-K15 type (Thermoscientific, Selangor
Darul Ehsan, Malaysia).

The following 100% pure food grade gases were used: O,,
CO,, N,, C,H,. All experiments were run in triplicate and results
are provided as the average + standard deviation.

2.7. Film color

The color and transparency of film samples were measured
using a HunterLab ColorFlex EZ 45/0° color spectrophotometer
with D65 illuminant, 10° observer (according to ASTM E308).
Measurements were made using CIE Lab scale. The instrument
was calibrated with a black and white tile before the measure-
ments. Results were expressed as L* (lightness), a* (red/green)
and b*(yellow/blue) parameters. The total color difference
(AE) was calculated using the following equation:

RSC Adv., 2016, 6, 55331-55342 | 55333
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AE = [(ALY* + (Aa)* + (Ab)P (1)

where AL, Aa and Ab are the differentials between a sample
color parameter (L*, a*, b*) and the color parameter of a stan-
dard white plate used as the film background (L' = 66.52,
ad = —0.71, b’ = 1.16). Chromaticity (C*) and hue angle (%)
were calculated in accordance to the following formulas:***°

C* =[(a*)? + (b*y]*? (2)
hay = tan™ ' (b*/a*) (3)

Measurements were carried out in triplicate at random
positions over the film surface. Average values are reported.

3. Results and discussion
3.1. Prepolymer synthesis and characterization

The purified and dried hydroxyl-terminated prepolymer
powders have been characterized from the molecular and
thermal point of view (Table 1). Their molecular structure is
represented in Fig. 1. The n and m indices represent the DP of
PBCE and of PBS-based copolymers respectively (Table 1), while
x and y stand for the chemical composition of the PBS-based
copolymers.

'H-NMR has been employed to verify the chemical structure
and composition of the P(BSxBDGy)-OH (Fig. 2) and PBCE-OH
(Fig. S1}). In all cases the spectra are consistent with the ex-
pected structure and the composition of the P(BSxBDGy)-OH is

View Article Online
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4
3, ppm

Fig. 2 H-NMR spectrum of P(BS70BDG30)-OH with resonance
assignments. In the inset, an enlargement of the section showing the
terminal groups.

the diglycolic subunit at 4.24 ppm have been used to deduce the
copolymer composition (Fig. 2).

Due to the catalyst employed and the high temperatures
involved in the reaction, the P(BSxBDGy)-OH display a random
distribution of the comonomeric sequences.®

The molecular weights have been determined by GPC and
"H-NMR. M,, from "H-NMR has been calculated according to the
following formula, as previously described:**

= X i +
very close to the feed one. The areas of the peaks of h protons of My = DP > My unic + X )
the succinic subunit located at 2.61 ppm and of the k protons of
Table 1 Molecular and thermal characterization data of OH-terminated prepolymers
Polymer M,° PDI* DP? M’ BS mol%” T, (°C) T (°C) AH, (Jg™)
PBCE-OH 7700 2.7 18 4100 — n.d. 171 46
P(BS70BDG30)-OH 9300 2.9 35 6200 68.5 —-30 89 58
P(BS50BDG50)-OH 8600 2.6 27 4900 49.2 —32 61 40

“ Determined by GPC. ? Determined by 'H-NMR.

(0]
HO.
O
)kOY’
OH
0 n
(0] (@) (0]
HO )WO )I\/O\)J\ OH
O O O
O
X \4 m

Fig. 1 Chemical structure of PBCE-OH (above) and P(BSxBDGy)-OH (below).
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where DP is the degree of polymerization determined by NMR,
M, unit is the molecular weight of the repeating unit
(226 g mol " for PBCE, 177 g mol " for P(BS70BDG30) and 182 g
mol ! for P(BS50BDG50)) and X is the molecular weight of the
terminal butanediol (100% hydroxyl-terminated polymers have
been considered).

The DP has been determined from the NMR spectrum of
each prepolymer sample according to the following equation:

DP = [(I/2)/[] x 2 + | (5)

where I. and I; represent the integrated intensities of the reso-
nance signals of the glycol subunit within the polymeric chain
and of the terminal glycol, respectively.

For example, for the determination of the DP of
P(BS70BDG30)-OH, the sum of the integrated intensities of the
peaks of f and i protons of the butanediol subunit (located at
4.11 and 4.19 ppm respectively) and the intensity of the peak of 1
protons of the terminal butanediol (located at 3.67 ppm) have
been considered (Fig. 2).

Table 1 shows that the molecular weights calculated by "H-
NMR and GPC follow a similar trend and have the same order
of magnitude. Although the values observed by the two tech-
niques are different, the results obtained are quite satisfying
also considering that GPC analysis provides an indirect
measure of the molecular weight. Polydispersity is a bit higher
than the typical range of polycondensation reactions (ie.
between 2.1 and 2.3), probably because of the selected reaction
conditions (high excess of butanediol, shorter reaction time and
lower temperature), which have been optimized to achieve
a high concentration of hydroxyl terminal groups.

The thermal transitions, obtained from I scan DSC, have
been reported in Table 1. All the samples are semicrystalline,
but the melting and glass transition temperatures present some
differences. In particular, PBCE-OH show a T}, of about 170 °C,
while the PBS-based prepolymers display much lower melting
endotherms, below 90 °C, and T, well below room temperature.
These effects are due to two main factors: the presence of
a comonomeric unit and the linear aliphatic nature of the
macromolecular chain.

3.2. Polymer synthesis, molecular and thermal
characterization

High molecular weight polymers have been prepared by chain
extending with HDI the OH-terminated prepolymers. In Fig. 3,
the general chemical structure of the resulting poly(ester

[ o
IO~ Tho o ; 0 0 o
0 OJ\ENNTO o)‘\/ﬁ‘/o></\/\o)k/°\)ko NSO
0 38 0
L n X
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urethane)s is represented. After the purification process, no
unreacted HDI was detected by "H-NMR. In Fig. 4 the spectrum
of A50B50 is reported as an example.

Together with the peaks of the prepolymers blocks (not
labelled), the protons of the reacted chain extender (w, x and y
located at 3.15 ppm, 1.34 ppm and 1.25 ppm, respectively) can
be detected. All the spectra are consistent with the awaited
structure.

Table 2 contains the molecular, thermogravimetric and
wettability characterization data. As it can be seen from Table 2,
the chain extension process resulted in a significant increase of
the polymer molecular weight. From the polymer purified
powders, thin film have been obtained by compression
moulding. Before characterization, they have been stored at
room temperature for at least two weeks in order to achieve
equilibrium crystallinity.

Afterwards, the thermal stability has been analysed by TGA
under nitrogen flux. The temperatures relative to the degrada-
tion onset (Tonser) and to the maximum weight loss rate (Tax)
have been reported in Table 2. The thermal degradation of the
polymers under study is characterized by one-step weight loss
that starts above 300 °C. The PBCE is the more stable material,
thanks to the presence of the aliphatic ring, which confers good
thermal resistance.”

For the copolymers, it can be observed that the higher the
amount of PBCE blocks, the higher the stability. For equal PBCE
content, the lower the amount of butylene diglycolate co-units
(BDG) the higher the stability, as previously observed.® The

H
N. P(BS70BDG30) v
Yy T

CDCI3

w |
8 6 4 2 0
S, ppm

Fig. 4 H-NMR spectrum of A50B50 with resonance assignments of
HDI.

Y-
m|

Fig. 3 Chemical structure of PBCE-based multiblock poly(ester urethane)s.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Molecular, thermogravimetric and wettability characteriza-
tion data

Polymer My PDI¢ Tonset Tmax WCA (°)
PBCE 36 000 2.7 328 420 98 + 3
A50B50 37 000 3.0 315 414 90 + 3
A30B70 52 400 3.3 313 403 90 + 3
A50C50 35 500 3.2 313 414 87 £ 2
A30C70 51 000 2.8 303 395 84 +1

¢ Determined by GPC.

main thermal transition data of the multiblock copolymers
under study are reported in Table 3.

Fig. 5 contains the calorimetric traces of PBCE and the
multiblock copolymers. The glass transition of PBCE is not
clearly visible due to the high crystallinity of this sample
(Fig. S21t reports an enlargement of the PBCE calorimetric curve
in the T, region), while all the copolymers display a T, of about
—30 °C, due to the flexibilizing effect imparted by the linear
aliphatic PBS-based chains. In all cases, both in the first and
second scan, a single Ty is visible, indicating good miscibility in
the amorphous phase (Fig. 5).

As to the melting phenomenon, PBCE homopolymer
displays a very high melting temperature. The melting
phenomenon is characterized by multiple peaks, ascribed to
fusion and recrystallization processes, as already observed for
this and other aliphatic polyesters.”*>* A small endothermic
peak is also visible at 52 °C. This phenomenon can be ascribed
to the presence of a small amount of PBCE crystals with a low
degree of perfection, as previously observed.>®

On the contrary, the copolymers are marked out of two well
distinct melting endotherms, whose intensity well correlates
with their composition (Fig. 5). In each copolymer, to a higher
amount of PBS-based blocks corresponds a higher intensity of
the lower temperature melting endotherm (AH,, ;, Table 3).

Similarly, an increased content of PBCE blocks resulted in
a more intense melting endotherm at higher temperatures
(AHp 2, Table 3). Moreover, as already observed for the prepol-
ymers, the P(BS70BDG30) block (B) displays a higher capacity to
crystallize with respect to P(BS50BDG50) (C) in the poly(ester
urethane)s (Fig. 5). The T, follows a similar trend. It is worth
highlighting that the presence of P(BS50BDG50) causes the
formation of less perfect PBCE crystals with respect to multi-
block copolymers containing P(BS70BDG30), as well indicated
by the lowering of the T, (Table 3).

Table 3 Thermal characterization data
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A30B70

endo —=

A50C50

A30C70

-50 0 50 100 150 200
T (°C)

Fig. 5 Calorimetric curves of PBCE and multiblock copolymers. Solid
lines: 15 scan; dash lines: 2" scan after quenching from the melt.

Deeper investigation on the nature of the crystalline phase
has been carried out by WAXS and the results have been dis-
played in Fig. 6.

All the copolymers show less intense, broader and more
convoluted peaks with respect to the PBCE homopolymer,
suggesting a significant drop of the crystallinity degree with the
relative increase of the crystal inhomogeneity. The analysis of
the diffraction profiles reveals that all the samples contain more
than one crystal phase. PBCE sample shows strong peaks at
15.0°, 18.1°, 20.6°, 22.5°, 28.6° that can be assigned to the main
PBCE crystal phase, and broader peaks at 9.3°, 16.25°, 19.2°,
19.6°, 24.5°, probably due to a secondary PBCE phase.

The copolymers richer in PBCE blocks display a XRD pattern
very similar to that of PBCE, but contain an extra peak at 19.9°
that confirms the presence of an extra crystalline phase that can
be ascribed to PBS (Fig. 6). In the copolymers containing
a higher amount of PBS-based blocks, the PBS crystalline phase
becomes indeed more evident (Fig. 6). Therefore, the XRD
results are in perfect agreement with the DSC ones, evidencing

I scan, DSC
POlymer Tg (OC) ACp U °C71 gil) Tm,l (OC) AHm,l U gil) Tm,Z (OC) AI'Im,z U gil) TC,l (OC) AHC,I (J gil) TL,Z (OC) AHC,Z U gil)
PBCE 10 0.056 — — 166 34 — — 143 38
A50B50 —34 0.303 44 9 141 13 8 2 116 16
A30B70 —-31 0.366 63 18 132 7 31 15 104 8
A50C50 —29 0.444 49 3 114 20 — — 96 18
A30C70 —32 0.470 47 9 109 6 -1 1 90 9
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Fig. 6 X-ray diffraction patterns of PBCE and the multiblock copolymers (A). Comparison of PBCE and P(BS50BDG50)-OH patterns together

with their corresponding copolymers (B).
copolymers (C).

in the copolymers both PBCE and PBS crystal structures with
different amounts depending on composition.

Further information about the ability to crystallize of each
block in the poly(ester urethane)s has been deduced by second
DSC scan (after quenching from the melt, data are reported in
Table S11) and by subjecting the samples to a controlled cooling
rate from the melt.

The second DSC scan evidenced that all the samples cannot
be obtained in a completely amorphous state by quenching
(Fig. 5, dash curves). As a matter of fact, both crystalline phases
are able to develop during the fast cooling in all the copolymers
with the exception of A50C50. In this sample, the PBS phase
crystallization is completely depressed by the quenching.

Non-isothermal experiments ratify the above mentioned
findings. In the A50C50 sample, PBS crystals are not able to
grow even at low cooling rates. Table 3 reports the temperature
of the maximum of the crystallization peaks in non-isothermal
experiments (T.) and the corresponding enthalpy (AH,). In the
remaining copolymers a reduction of the PBCE ability to crys-
tallize has been observed. Two factors contribute to this
behaviour: the amount of each block in the final polymer and
the chemical structure of the PBS-based blocks. In particular,
the higher the amount of a block, the higher its ability to crys-
tallize. Moreover, the higher the amount of BDG sequences in
the PBS-based blocks, the lower the ability to crystallize of the
PBS phase, due to a hampering effect caused by the presence of
the BDG comonomeric unit.

3.3. Mechanical characterization

Tensile tests have been carried out on PBCE and multiblock
copolymers to analyse their mechanical behaviour. Stress—
strain curves have been reported in Fig. 7 and the correspond-
ing data (elastic modulus E, stress at yield gy, elongation at yield
¢y, stress at break oy, and elongation at break ¢;,) are contained
in Table 4.

As it can be observed, the presence of PBS-based blocks,

deeply affects the mechanical properties of PBCE

This journal is © The Royal Society of Chemistry 2016

Comeparison of PBCE and P(BS70BDG30)-OH patterns together with their corresponding

homopolymer. Generally speaking, a lowering of the elastic
modulus and of the stress at yield and an increase of the
elongation at break, arising from the introduction of PBS-based
blocks, has been observed.

This effect strongly depends on the nature of the PBS-based
block. Indeed, copolymers containing P(BS50BDG50) display
a higher &, and a lower E as compared to those containing
P(BS70BDG30) blocks, because of the higher crystallinity degree
of this latter.

Interestingly, A50C50 does not show the yield point and
behaves as an elastomeric material (Fig. 7). To investigate its
resistance to loading-unloading stresses, cyclic tensile
measurements have been conducted on this sample (Fig. 8).
The loading-unloading path is characterized by a high elas-
ticity, with a recovery of about 85% even after 20 cycles (Fig. 8).
The difference between the first and the second cycle can be
explained based on the reorientation of the macromolecules
with consequent crystallization during straining.” From the
second cycle, the loading—unloading curve sticks to a fixed path,

35
- ——PBCE
30+ —— A50B50
I A30B70
25 —— A50C50
| L ——— A30C70
=20+
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p
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Fig. 7 Representative stress—strain curves of PBCE and multiblock
copolymers.
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Table 4 Mechanical characterization data of PBCE and multiblock
copolymers

Polymer  E (MPa) oy (MPa) ¢ (%) op (MPa) &, (%)

PBCE 811 £+ 39 32+3 14 +2 27 £2 78 £11
A50B50 190 + 11 13+1 16 £ 2 13+1 318 + 33
A30B70 250 £ 33 12 £ 2 11+2 14 +3 276 £ 24
A50C50 131+ 5 — — 13+1 480 + 36
A30C70 140 £+ 22 8+1 17+3 10+ 2 506 + 55

with a very small hysteresis and both the unloading curve and
the residual strain are quite independent from the cycle
number.

3.4. Composting

Biodegradation evaluation has been carried out through com-
posting experiments. Mass losses as a function of the incuba-
tion time are reported in Fig. 9. No mass decrease has been
observed in the time scale explored for PBCE, as also previously
reported,””® while the multiblock copolymers underwent
a significant mass decrease. In particular, among the different
factors affecting polymer biodegradation, such as molecular
weight, melting temperature, crystallinity and surface hydro-
philicity,** the last two played the major role for the polymers
here studied.

Indeed, A30C70 is the more hydrophilic (Table 1) and the
less crystalline material (Table 2), therefore its weight loss
reached about 63%.

On the other hand, A50B50 and A30B50, whose crystallinity
degree and surface wettability are comparable, degraded to
a similar extent (about 40% weight loss). Lastly, A50C50 lost
about 50% of its initial weight after 84 days of incubation.
Notwithstanding a similar crystallinity degree as compared to
A50B50 and A30B50, its higher wettability caused a more
pronounced degradation.

The surface morphology of the partially degraded samples
has been observed by SEM (Fig. 10).

o (MPa)

-1 T . T * T + T T
0 10 20 30 40 50
e (%)

Fig. 8 Hysteresis behaviour of A50C50 upon cyclic loading (20
cycles).
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Fig. 9 Gravimetric weight loss of PBCE and multiblock copolymers as
a function of the incubation time.

Before composting, all the polymers display a smooth
surface (results not shown). While PBCE surface remained
unchanged, the copolymers films show a significant modifica-
tion. In fact, cracks and holes, whose intensity increased with
the incubation time, appear on the surface, clearly evidencing
the proceeding of the degradation process.

As it is well known, the polymer degradation by microor-
ganisms is a surface eroding process. The more accessible and
less packed amorphous regions are preferentially degraded (at
least in the first stages), giving rise to an increase of the degree
of crystallinity. To highlight this effect, WAXS analyses and
crystallinity degree measurements have been carried out. X-ray
diffraction patterns of the polymers under study are reported in
Fig. 11 as a function of the composting time.

It is clearly visible an increase of the degree of crystallinity,
more evident for the multiblock copolymers than for PBCE.
A50B50, A30B70, A50C50 and A30C70 indeed display an
increase of X. of 46%, 54%, 73% and 83%, respectively
(Table S2t). Such increment occurred prevalently during the
first 56 days of incubation, while in the last part of the experi-
ment only a slight change is observed. The trend perfectly
matches the gravimetric measurements: the higher the weight
losses, the higher the X, increase.

3.5. Permeability evaluation

The main feature of an efficient food packaging material is the
content protection. To ensure that, the mass transfer from and
to the environment must be avoided. Furthermore, the design
of new biodegradable materials with barrier performances
comparable to those of the polymers traditionally employed for
food packaging is of crucial importance.

The existence of mass transport through polymeric material,
represented by the process of gas permeation, migration, and
sorption (permeability behavior) is well known and it is iden-
tified as the quantification of permeates transmission, gas or
vapor, through a resisting material.*>** As a consequence, the
gas transfer is normally associated with the quantitative evalu-
ation of the barrier properties of a plastic material.

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 X-ray diffraction patterns of PBCE and multiblock copolymers as a function of the composting time. Solid lines: O d, dash lines: 56 d, dot

lines: 84 d.

Taking into account that a polymeric film is characterized by
a rate of food respiration or gas permeability which vary with the
operating temperature, the barrier properties evaluation has been
performed at 8 °C (fruit and vegetables average storage tempera-
ture), 15 °C (abusing temperature) and 23 °C (standard tempera-
ture).*** The samples performances have been studied with respect
to different gases, such as O,, N,, CO,, and C,H,. The permeability
of polymers to gases or water vapor is often described as GTR.'**
GTR values (cm® per m* day bar), together with solubility (S, cm®per
m? bar), diffusivity (D, cm® s ') and time lag (t, s), have been
recorded for pure gases. Fig. 12 reports the GTR values recorded for
all samples under the different temperatures considered.

In Table S31 have been collected all the permeability data to
CO, and the sample thickness, while in Table S41 the perm-
selectivity ratio to all the different gases at the studied
temperatures are contained. It has been demonstrated that the
perm-selectivity ratio is a definite value for each polymer under
determinate conditions as it depends on several factors, such as
chemical structure and temperature.”***”

This journal is © The Royal Society of Chemistry 2016

As it can be observed from Fig. 12, the GTR behavior is
strictly linked to the chemical structure of the polymers under
evaluation. For all the samples at all the temperature studied,
the CO, is more permeable than O, and N,, despite the larger
molecular diameter. Moreover, the multiblock copolymers
display a much higher permeability as compared to PBCE
homopolymer, due to their higher flexibility and lower crystal-
linity (Table 3).

The C,H, gas transmission rate is quite low, but higher than
that of N,. Since ethylene is responsible of accelerated senes-
cence of fruit and vegetables, the C,H, permeation across the
package is welcomed as it would improve the food shelf-life and
quality.

As expected, the temperature has a significant influence on
the gas transmission through the material and it strictly
depends on the gas. It is well known that the mechanisms
driving the adsorption/desorption permeability, solubility and
diffusion phenomena are all closely dependent on the
temperature.’®*
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Fig. 12 GTR to CO, (empty bars), O, (// pattern), N, (= pattern) and
C,H4 (\\ pattern) for PBCE and multiblock copolymers at 8, 15 and 23
°C.

As it can be seen in Fig. 12, CO, GTR shows a consistent
increment with the temperature increase, due to the fast and
chaotic motion of this gas. On the contrary, for O,, N, and C,H,
only a moderate increase/dependence has been recorded. This
result is highly interesting because a slow packaging crossing by
the O,, N, and C,H, molecules can help avoiding a high-level of
food respiration rate, film collapse and accelerate food
ripening, respectively.

D, S and ¢, data (Table S31) have been recorded for CO, at 23 °C
and in some cases also at 8 °C and 15 °C. For the other gases and
for A30B70 and A50C50 samples no data were collected, as the
evaluation of the lag time (e.g. the time needed to reach the steady
state), from which also D and S are derived, was not possible. In
fact, ¢, is determined as the intersection of the straight line fitting
the experimental data in a graph that plots the pressure difference
between the two chambers of the testing device (dP, Y-axis) versus
time (¢, X-axis). Therefore, if the line fitting the experimental data
does not intersect the X-axis, ¢; can't be determined.

The D value, linked to the kinetic parameters, increases with
GTR increase, due to the gas diffusion rise throughout the
polymer wall."” The S value, which correlates to the gas solu-
bility into the matrix, decreases as the GTR increases, because
the interaction between polymer and gas is not favorable.
Finally, the ¢, value, correlated to the time required to achieve
equilibrium of the permeability processes, is in good accor-
dance with the GTR value. As GTR increases t; decreases,
meaning that less time is necessary to reach the steady-state. As
it can be observed from data reported in Table S3,t the lower the
amount of PBCE block, the higher the solubility of CO,, as the
transport of CO, mainly occurs through the amorphous phase.
Consequently, a reduction of diffusion coefficient has been
evidenced, with a corresponding decrement of GTR. PBCE, due
to the presence of the rigid aliphatic ring and its high crystal-
linity degree that cause a significant reduction of the chain
mobility, displays the lower diffusion coefficient. On the
contrary, PBCE solubility is quite similar to those of the multi-
block copolymers, evidencing the affinity of the carbon dioxide
to the polymer matrix.
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Similar results have been reported in the literature for
poly(ethylene oxide)-poly(butylene terephthalate) (PEO-PBT)
multiblock copolymers.*® Also in the case of PEO-PBT copoly-
mers the gas permeability results were correlated with the
chemical/physical properties of the copolymers, in particular
with the chain flexibility and the degree of crystallinity (i.e. the
amount and length of rigid aromatic sequences).*

3.6. Activation energy of gas transport process

In order to describe the dependence of the permeation on the
temperature, an Arrhenius type-equation has been employed to
calculate the activation energy for gas transmission (Egrg), heat
of solution (Hs) and diffusion (Ep) processes. The mathematical
relations used are well described in the related scientific liter-
ature.” The activation energy is deduced by calculating the
value of the slope (—E,/R) of the Arrhenius straight line, where R
is the gas constant (8.314 ] mol ' K™ %). Natural logarithmic (In)
of GTR, S and D compared with the reciprocal of the absolute
temperature (1/7) have been reported as an example in Fig. 13
for the A50C50 sample, together with the indication of the
calculated linear regression of the corrected experimental
points fittings. Moreover, in Table S57 are contained the cor-
responding activation energies for the gas transmission rate
(Egrr), the heat of solution (Hs) and the diffusion (Ep) process in
the range of 8-23 °C for all gases, with the corresponding R*
factor (between brackets).

It can be evicted that in most cases the data well fit the
theoretical relation (high R coefficients), indicating a good
correlation between permeability and temperature for all gases.
The corresponding Egrr (Table S57) is very high, especially for
CO,, while is lower for O,, N, and C,H, gases. This behavior
confirms the assumption that CO, molecules move faster than
the other gas molecules. Therefore, the permeability to CO, is
higher than to the other studied gases.

For CO, the solubility increases by increasing the tempera-
ture. Consequently, the permeability displays the same trend.
However, the linear trend has not been recorded for all the
samples. This confirms the difficulty to observe a standard
behavior. As the solubility is linked to the polymer chemical
structure, its trend confirms that the gases interact differently
with the matrix. The corresponding Hg shows a fluctuant value.
The same conclusion could be formulated for the Er, value. High
activation energy implies more sensitivity to temperature vari-
ations.** It has been found that the permeation process is very
well correlated to the temperature variation, while the sorption/
diffusion process shows consistent deviation, being more
dependent on polymer structure. The trend varies in fact by
changing the gas and the temperature, and therefore underlines
the importance of performing the barrier properties measure-
ments at different storage conditions.

3.7. Color determination

The results of films surface color measurement are reported in
Table 5 together with the determination of AE, C* and h,.

As reported in the literature,” in the CIELAB scale the
lightness coefficient (L*) ranges from black (0) to white (100).

This journal is © The Royal Society of Chemistry 2016
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Table 5 L* a* b* total color difference (AE), C* and h,, of PBCE and multiblock copolymers®

Polymer L* a* b* AE Cc* Rap

White standard 66.52 + 0.08 —0.71 £ 0.01 1.16 £ 0.08 — 1.36 121

PBCE 63.29 + 0.22 —1.32 + 0.09 7.74 £ 0.54 7.35 7.85 99.68
A50B50 62.15 + 0.32 —1.36 = 0.07 9.95 + 0.24 9.84 10.04 97.78
A30B70 62.53 + 0.43 —1.42 £+ 0.03 8.09 £+ 0.94 8.03 8.21 99.96
A50C50 61.91 £ 0.35 —1.66 £+ 0.05 9.65 £+ 0.87 9.71 9.79 99.76
A30C70 61.59 + 0.54 —1.54 £+ 0.05 9.44 £+ 0.76 9.67 9.56 99.27

“ hap = 0°, red-purple; A, = 90°, yellow; h,;, = 180°, bluish-green; ., = 270°, blue.

For any value of L*, the coordinates a* and b* situate the color
on a rectangular coordinate grid perpendicular to L* axis. At the
origin (a* = 0 and b* = 0) the color is achromatic (gray). Moving
on the horizontal axis, a positive a* value indicates a hue of red-
purple, a negative a* value indicates a hue of bluish-green.
Moving on the vertical axis, a positive b* value indicates a hue
of yellow, a negative b* value indicates a hue of blue. @ and b are
coordinates that reflect indirectly chroma and hue and must be
considered together as they are not independent variables.

As it can be observed from the data reported in Table 5, PBCE
film shows a L* value more related to white color due to the high
degree of crystallinity (lower AE value) with respect to the
multiblock copolymers. From a* and b* values could be noted
that the films showed a yellowish tendency (%, values over 90°)
and a low C* value, meaning that the films display a yellow hue
with low color saturation.

4. Conclusions

The chain extension technique allowed for the preparation of five
high molecular weight poly(ester urethane)s. The building blocks,
hydroxyl-terminated polyester prepolymers, are obtainable from
renewable resources. The final materials are therefore fully bio-
based, with the exception of HDI chain extender. However, its
molar percentage in the final polymer is in all cases below 6%.

The results evidence that by playing with two different
factors, i.e. the chemical structure and the mass ratio of each
prepolymer block in the final mixture, it is possible to design
a class of materials with peculiar and promising properties for
food packaging.

This journal is © The Royal Society of Chemistry 2016

The unique combination of soft and hard segments and the
introduction of different amounts of ether linkages in the polymer
backbone permits to improve the mechanical behaviour and the
biodegradation rate of the PBCE homopolymer, although
preserving its good thermal resistance and the promising gas
barrier properties. It is indeed worth underlying that the poly(ester
urethane)s here presented display comparable permeability
performances with respect to PP, LDPE, HDPE and PLA (and better
than PCL), which are commonly employed for packaging purposes.
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