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Abstract

Sustainable gas barrier materials, such as polyglycolide, poly(L-lactide), and poly(ethylene 2,5-
furandicarboxylate) are important alternatives to traditional plastics used for packaging where low
gas permeability is beneficial. However, high degrees of crystallinity in these materials can lead
to undesirably low material toughness. We report poly(ester-amide)s derived from glycolide and
diamines exhibiting both high toughness and desirable gas barrier properties. These sustainable
poly(ester-amide)s were synthesized from glycolide-derived diamidodiols and diacids. To
understand the structure—property relationships of the poly(ester-amide)s, polymers with different
numbers of methylene groups were compared with respect to thermal, mechanical, and gas barrier
properties. As the number of methylene groups between ester groups increased in the even-
numbered series, the melting temperature decreased and oxygen permeability increased. We also
found that these polymers are readily degradable under neutral, acidic, and basic hydrolytic
conditions. These high-performance poly(ester-amide)s are promising sustainable alternatives to

conventional gas barrier materials.
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Introduction

Gas barrier materials are widely used in packaging for food, cosmetic, and pharmaceutical
products. Specifically, the global food packaging market size is expected to reach over 400 billion
US dollars by 2025.! Plastic packaging extends the shelf life of products by protecting them from
oxygen and moisture in transportation and storage.? To obtain these benefits, gas barrier materials
require both mechanical toughness and low gas permeability for oxygen and water vapor. Based
on these requirements, the dominant polymers used in packaging materials are ethylene vinyl
alcohol (EVOH), poly(ethylene terephthalate) (PET), poly(vinylidene dichloride) (PVDC),
polyethylene (PE), and polypropylene (PP), but these plastics are derived from nonrenewable
resources (Chart 1A).>"% Furthermore, most packaging materials are not easily recycled after a
single use because of typically multi-layered structures and, in many cases, contamination from
the food they contain. These plastics are also not degradable on reasonable time scales in the
natural environment or in engineered industrial composting facilities.”” Since petroleum is a finite
feedstock and plastic waste is accumulating in the environment, it is important to develop

renewable and degradable alternatives.!%



Chart 1. (A) Poly(ethylene terephthalate) (PET), (B) Polyglycolide (PGA), and (C)
Poly(ester-amide)s
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Sustainable gas barrier materials such as polyglycolide (PGA), polylactide (PLA),
poly(ethylene 2,5-furandicarboxylate) (PEF), and poly(butylene succinate) (PBS) have gained
attention because they are synthesized from renewable monomers and have been advanced as
biodegradable materials."'*>> However, most of them have not yet achieved the low gas
permeabilities of commercial incumbents such as EVOH and PET. Polyglycolides, one of the most
promising classes of gas barrier materials, have low gas permeability because of their typically
high degrees of crystallinity and low free volume caused by intermolecular dipole-dipole
interactions leading to high density (Chart 1B).2%?” However, high crystallinity and low free
volume can also undesirably contribute to brittleness and small difference between decomposition
and melting temperatures. We recently reported the synthesis of glycolide copolymers to reduce

the crystallinity to improve thermal processing windows without losing gas barrier properties, but



the copolymers still exhibited somewhat brittle characteristics.?® Thus, gas barrier materials with

both sustainability and ductility attributes are important targets.

Compared to polyesters, poly(ester-amide)s feature improved toughness and gas barrier
characteristics by leveraging interchain hydrogen bonds between backbone amides while retaining
hydrolytic degradability of polyesters.?’? As an example, Gao et al. improved mechanical and
gas barrier properties of PET by copolymerizing 1,6-hexylenediamine and oligomers of PET.*?
One promising approach to preparing poly(ester-amide)s is through the step-growth
polymerization of lactone-derived diamidodiols with diacids.>**° For example, caprolactones and
valerolactones were used to generate poly(ester-amide)s, as reported by the groups of Feijin and
Hoye.?>*% Although these poly(ester-amide)s had ductile mechanical properties, with ultimate
strains up to over 600% in some cases, their gas barrier characteristics were still in need of
improvement.***" In 2005, Vera et al. reported inspiring work that poly(ester-amide)s containing
glycolate were degradable in enzymatic media and hydrolytic conditions.*!™** Since materials
containing glycolate units typically exhibit low gas permeability, we anticipated that these
degradable poly(ester-amide)s derived from glycolide would have both promising mechanical and

gas barrier properties (Chart 1C).

To this end, we synthesized a series of diamidodiols with 100% atom economy from
glycolide and diamines. Glycolide can be prepared from sugarcanes, and 1,6-diaminohexane can
be prepared from biosynthesis.**** We then employed polycondensation reactions of these
diamidodiols and diacids to generate poly(ester-amide)s. The thermal and mechanical properties
of the resultant polymers were characterized using thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and tensile testing. The melting temperature depended on the number

of methylene groups in the polymer repeat units. We investigated the gas permeability and



degradability of selected polymers based on thermal and mechanical properties and found that

these sustainable polymers are useful gas barrier materials.

Results and Discussion
Synthesis of monomers

In previous studies, N, N'-(hexane-1,6-diyl)bis(2-hydroxyacetamide) (6G) was synthesized

using glycolic acid and 1,6-diaminohexane in isopropanol.’’

To synthesize the 6G in a greener
way, we prepared the monomer from 1,6-diaminohexane and glycolide under solvent-free
conditions with perfect atom economy inspired by the synthesis reported by Lips et al., Stapert et
al., and Vera et al. (Figure 1).3>363 Under stoichiometrically balanced conditions, after the initial
ring-opening of glycolide by the diamine, the unreacted amine groups reacted with the ester group
of the intermediate to obtain 6G. At a reaction temperature of 60 °C on a 100 g scale in a 500 ml
round bottom flask, the solventless reaction mixture became solid in 7 min after complete addition
of glycolide. Near quantitative conversion (98%) was achieved in 30 min, as determined by 'H
NMR spectroscopy. The resulting product was obtained in pure form by recrystallization from an
acetone/water mixture in high isolated yields (75%) and was analyzed by single-crystal X-ray
diffraction (Figure 1). The analogous compounds 2G and 4G were also prepared in high yields

using this scalable synthetic method utilizing 1,2-diaminoethane and 1,4-diaminobutane,

respectively (Figure 1).
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Figure 1. Synthesis of 2G, 4G, and 6G performed at room temperature, 40 °C, and 60 °C,
respectively. ®Conversions of diamines determined by 'H NMR spectroscopy. ‘Isolated yields
obtained by recrystallization from acetone/water; these crystalline products were characterized by
X-ray crystallography.

Synthesis of poly(ester-amide)s

With 2G, 4G, and 6G monomers in hand, traditional condensation polymerizations were
optimized to prepare high molar mass poly(ester-amide)s (Table S1). We attempted the melt
polymerization of 6G and dimethyl adipate with various catalysts to synthesize 6G-4, having 6
methylene units between amide groups and 4 methylene units between ester groups. However, the
yields were consistently low presumably due to low reactivity of 6G. The low reactivity of the
monomer has also been reported in previous studies by Stapert et al.>® Adipoyl chloride was used
to increase the reactivity of comonomer, resulting in 6G-4 with the apparent number-average molar
mass (My) of 7.8 kg/mol according to size-exclusion chromatography (SEC) in 1,1,1,3,3,3-
hexafluoro isopropanol (HFIP) relative to PMMA standards.’” However, the SEC trace was broad
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and asymmetric, suggesting possible cross-linking from the amide group and acyl chloride (Figure
S1). To reproducibly synthesize well-defined linear poly(ester-amide)s, we ultimately turned to
using adipic acid with the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling
reagent, resulting in 6G-4 with a relative M, of 14 kg/mol in high isolated yields (79%). The
dispersity for this sample was 1.9, which is close to the expected value for step-growth

polymerization, implying minimal cross-linking and side reactions (Figure 2D).

The chemical structure of 6G-4 was characterized by 'H NMR, *C NMR, and FTIR
spectroscopies (Figure 2). The methylene peaks in the 'H NMR and 3C NMR spectra were
consistent with the anticipated structures (Figure 2A & 2B). Furthermore, ester and amide carbonyl
resonances were apparent in '°C NMR spectrum. The carbonyl groups and N-H peak in the
secondary amide were also analyzed by IR spectrum (Figure 2C). These data supported the

chemical structure of 6G-4 synthesized through EDC coupling reaction as depicted in Figure 2.
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Figure 2. (A) '"H NMR spectrum (TFA-d, 400 MHz) of 6G-4. (B) 3C NMR spectrum (TFA-d,
100 MHz) of 6G-4. (C) FTIR spectrum of 6G-4 from the polymerization of 6G and adipic acid.
(D) Normalized SEC trace; the peak at 16 min is presumably from cyclic oligomers.
Polymerizations of 6G and adipic acid were performed with EDC-HCI and DMAP in DCM at
room temperature for 1 day.

We then expanded the scope of poly(ester-amide)s to study the role of the alkyl chain
lengths on polymer properties. Initially, we fixed the number of methylene groups between amide
groups (x = 6) and varied the number of methylene groups between ester groups (y) from 2 to 8.
Then, with a fixed alkyl chain length between ester groups (y = 4), the number of methylene groups
between amide groups (x) was varied from 2 to 6. The polymerizations yielded poly(ester-amide)s
with relative M, values ranging from 14 to 32 kg/mol in the first series (variable y) and from 11 to

31 kg/mol in the second series (variable x, Table 1). The dispersity values for the poly(ester-



amide)s ranged from 1.8 to 2.4. Presumably, the higher apparent molar masses of 6G-5, 6G-8, and

2G-4 samples are due to higher solubility of these poly(ester-amide)s under the reaction conditions.

Table 1. Synthesis of Poly(ester-amide)s with Varying the Number of Methylene Groups
between Amide and Ester Groups.

0 0 o o
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Entry | Polymer | x | y My? M b?
(kg/mol) | (kg/mol)

1 6G-2 6 |2 15 31 2.1
2 6G-3 6 |3 19 46 2.4
3 6G-4 6 | 4 14 27 1.9
4 6G-5 6 |5 27 51 1.9
5 6G-6 6 | 6 16 30 1.9
6 6G-8 6 |8 32 67 2.1
7 2G-4 2 | 4 31 74 24
8 4G-4 4 14 11 20 1.8

*Determined by HFIP SEC (0.025 M KTFA) at 40 °C calibrated by using PMMA standards.

Thermal properties of poly(ester-amide)s

The thermal properties of poly(ester-amide)s were studied by TGA and DSC. The polymers
showed high thermal stability with high thermal decomposition temperatures (defined here as 5%
mass loss, 745%) ranging from 255 to 344 °C under a nitrogen atmosphere (Table 2). The first DSC
heating cycles were investigated for both dried precipitate powders and films obtained by solvent

casting from HFIP using a tape coater. Poly(ester-amide) films had glass transition temperatures



(Ty) ranging from 44 to 53 °C from the first heating cycle, with a heating rate of 10 °C/min.
Furthermore, poly(ester-amide)s films showed semi-crystallinity with melting temperatures (7m)
ranging from 99 to 187 °C and enthalpies of melting (AHm) ranging from 36 to 59 J/g. Powder
forms of poly(ester-amide)s had similar 7y, but different AHm values, presumably because the
degree of crystallinity was influenced by the solvent casting procedure.*’ Although we used
solvent casting to make films in this work, the width of the processing window (745% — Tm) 18
important for future thermal processing to effectively reshape the polymers without decomposition
concerns. The poly(ester-amide)s exhibited broad processing windows up to 236 °C which is much
higher than that of PGA (= 75 °C).?® Combined, these poly(ester-amide)s have T, values higher
than room temperature, semi-crystalline properties, and broad processing windows that render

them promising candidates as packaging materials.

To investigate structure—thermal property relationships, we increased the number of
methylene groups between ester groups (y), resulting in generally lower melting temperatures in a
given series (Figure 3, filled squares). Poly(ester-amide)s with odd numbers of methylene units
showed lower melting temperatures than those with even numbers, in good agreement with general
trends for polyesters.* Nomura et al. explained that the even—odd effect arose from closely packed
polymer chains in even-numbered systems because local polarization was minimized due to
opposed dipole moments in the crystal structure; in contrast, dipole moments were aligned in the
same direction in odd-numbered systems.*** A clear trend in T was not observed with the
variations of x, suggesting there are multiple factors at play, including the effects of hydrogen
bonding in the crystal structure (Figure 3). The even—odd effect was also observed during DSC
cooling cycle. While the crystallization temperatures (7¢) of poly(ester-amide)s varied from 58 to

128 °C, 6G-3 and 6G-5 did not recrystallize upon cooling at 10 °C min™! from the melt.
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Table 2. Thermal Properties of Poly(ester-amide)s with Varying the Number of Methylene
Groups between Amide and Ester Groups.

Thermal Properties

Polymer Td, 502 Tg, th Tm, 1]] AHm, fb Tg, pc Tm, pc AHm, pc Tc, pd AHc, pd Td, 5% = Xce
©0) O | (O J/g) O O J/g) O J/g) | Tmp(°C) | (%)

6G-2 310 44 163 59 34 162 77 116 59 148 32
6G-3 329 45 128 55 37 133 80 NDf NDf 196 34
6G-4 283 45 122 49 50 127 71 58 5.2 156 28
6G-5 340 45 99 36 20 104 73 NDf NDf 236 16
6G-6 344 46 119 42 36 122 56 70 45 222 13
6G-8 335 45 117 55 44 116 59 67 38 219 14
2G-4 298 52 187 42 52 186 52 128 54 112 12
4G-4 255 53 121 41 44 123 59 NDf NDf 132 27

*Temperature at 5% mass loss determined by TGA at a heating rate of 10 °C/min under N, atmosphere. *Determined by DSC analysis of films
under N, atmosphere starting from -20 °C at a heating rate of 10 °C/min based on the first heating cycle. ‘Determined by DSC analysis of powders
under N, atmosphere starting from -20 °C at a heating rate of 10 °C/min based on the first heating cycle. ‘Determined by DSC analysis of powders
under N, atmosphere starting from -20 °C at a heating and cooling rate of 10 °C/min based on the first cooling cycle. “Degree of crystallinity was
determined by WAXD analysis. {Not detected.
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Figure 3. The effect of the number of methylene group on thermal properties of poly(ester-amide)s
powders.

To study the effect of molar mass on thermal properties, 2G-4 samples with varying molar
masses from 12 to 31 kg/mol were synthesized by adjusting reaction time (Table S2 & Figure S4).
T'm ranged from 180 to 186 °C (Table S3 and Figure S5). 7c of 2G-4 with a relative M, of 31 kg/mol
was higher than that of 2G-4 with a lower molar mass. The higher 7¢ (128 °C) is presumably
because 2G-4 (M, = 31 kg/mol) crystals were incompletely melted after heating to 200 °C followed

by immediate cooling. To investigate the effect of annealing time, 2G-4 was held at 200 °C for 3
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min and 20 min in the first heating cycle in the DSC instrument, reducing the crystallization
temperature in the cooling cycle to 75 °C and 53 °C, respectively (Figure S6). Annealing at higher
temperature (260 °C) in DSC resulted in no evident crystallization peak in the cooling cycle

(Figure S6).

Mechanical properties of poly(ester-amide)s

To investigate the mechanical properties of poly(ester-amide)s, films were solvent cast
from HFIP using a tape casting coater and cut into dog-bone-shaped tensile bars. The samples of
poly(ester-amide)s were subjected to uniaxial tensile tests, and the results are summarized in
Figure 4 and Table S4; comparison to PGA and PET as commercially available gas barrier
materials is shown, with tensile data of PET from previous work.?®° The elongation at break for
the poly(ester-amide)s ranged from 1.4% (6G-2) to 342% (6G-5), with ultimate strength from 4 to
24 MPa (Figure 4 and Table S4). Tensile toughness values were also determined from the area
under the stress—strain curve until failure and ranged from 0.11 to 60 MJ/m>. Thus, the samples

used in the study ranged from brittle and weak to ductile and strong.

For poly(ester-amide)s with molar masses of 10 — 20 kg/mol, increasing the number of
methylene groups in y did not appreciably impact mechanical properties (Figure 4). 6G-3 and 6G-
5 had slightly lower elastic moduli compared to poly(ester-amide)s with an even number of
methylene groups (Figure S7). These results are in good agreement with previous studies of
polyesters with even—odd effects.’!>? Notably, compared to low molar mass of polymers, high
molar mass versions of 6G-5 (27 kg/mol) and 6G-8 (32 kg/mol) showed outstanding mechanical

properties competitive with PGA and PET and also showed strain hardening behavior (Figure 4 &
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S8). After elongation, the enthalpy of melting for 6G-5 increased from 36 J/g to 65 J/g, consistent

with strain-hardening caused by strain-induced crystallization during elongation (Figure S9).

To investigate the effect of alkyl chain lengths between amide groups (x) on mechanical
properties, 2G-4, 4G-4, and 6G-4 were compared. 2G-4 with a high molar mass sample (31 kg/mol)
showed ductility, with an elongation at break of 133% and an ultimate strength of 18 MPa (Figure
4B, 4D, and Table S4). Lower molar mass of 2G-4 (M, = 17 kg/mol) was used to compare with
4G-4 (M» = 11 kg/mol) and 6G-4 (M, = 14 kg/mol), but the self-standing film of 2G-4 (M, = 17
kg/mol) was hard to obtain due to its brittleness. As we increased alkyl chain lengths in x to 4 in
4G-4, a brittle film was obtained with an elongation at break of 3% and an ultimate strength of
only 4 MPa (Figure 4B, 4D, and Table S4). By increasing x to 6 in 6G-4, elongation at break and
ultimate strength were improved further to 39% and 10 MPa, respectively. Thus, longer alkyl chain
lengths in x slightly increased the ultimate strength and strain. Overall, 6G-y samples at high molar
mass are promising materials because they have broad thermal processing windows and

comparable ultimate strain and strength to conventional gas barrier materials.
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Figure 4. The effect of the number of methylene group on mechanical properties. Ultimate strain
of (A) 6G-y, PGA (29 kg/mol), and PET (29 kg/mol)*° and (B) xG-4, PGA (29 kg/mol), and PET
(29 kg/mol)*°. Ultimate strength of (C) 6G-y, PGA (29 kg/mol), and PET (29 kg/mol)*° and (D)
xG-4, PGA (29 kg/mol), and PET (29 kg/mol)>’. The extension rate was 1 mm min™' up to its break
point.

Oxygen and water vapor permeability for selected poly(ester-amide)s

As a result of these competitive thermal and mechanical properties, poly(ester-amide)s of
6G-y with variable y were selected to investigate oxygen and water permeability. Oxygen and
water vapor transmission rates of the films were measured and normalized by the thickness of the

films and partial gas pressure to obtain gas permeability values. A summary of oxygen and water
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vapor permeability is shown in Figure 5, along with commercially available polymers such as PGA,

PET, and PLLA as benchmarks.?®>3

Oxygen permeability of 6G-4 at 23 °C and 0% relative humidity (RH) was 45 cc-mil-m"
2.d!-atm™ (Figure 5 & Table S5). As we increased the number of methylene groups between ester
groups to 6 (6G-6) and 8 (6G-8), oxygen permeability values increased to 92 and 196 cc-mil-m’
2.d!-atm’!, respectively. This is likely because of lower crystallinities due to the flexibility of alkyl
chains in the repeat units. 6G-5 showed higher oxygen permeability compared to even number of
poly(ester-amide)s such as 6G-4 and 6G-6. Although oxygen permeabilities of poly(ester-amide)s

were higher than PGA, they were lower than those of PET and PLLA.

Water vapor permeabilities of poly(ester-amide)s were also explored at around 19 °C and
51% relative humidity (RH). The results showed 29 to 41 g-mil-m?2-d"!-kPa™! of water vapor
permeability, which are comparable to PLLA (Figure 5). There was no clear effect of the number

of methylene group on water vapor permeability in this series.
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Figure 5. Oxygen and water vapor permeability of 6G-4, 6G-5, 6G-6, 6G-8, and reported PGA
(86 kg/mol),?® PET, >* % and PLLA (154 kg/mol).>*>* The column bars show the average. The
error bars for oxygen permeability and water vapor permeability show range for at least two
replicates and standard deviation for five replicates, respectively.
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Degradation Studies of poly(ester-amide)s

Vera et al. reported that 6G-4 is degradable in DI water at 70 °C and pH 2.3 medium at
room temperature in previous studies.>’” We built upon this work by investigating hydrolysis of
6G-8 under various conditions, such as HCI (1 M), NaOH (1 M), and DI water, with monitoring
by total organic carbon (TOC) analysis to quantify soluble hydrolysis products (Figure 6). In DI
water at room temperature, leaching of organic compounds was less than 8% (Figure S10). At
50 °C, the hydrolysis products slightly increased compared to room temperature, but a plateau
occurred at approximately 11% of TOC content. The hydrolysis rate significantly increased at
70 °C, and TOC content reached to 80% of carbon content expected for complete hydrolysis in 50
days. This rate was slower than previous studies of 6G-4, presumably because 6G-8 had more

hydrophobic character than 6G-4.

We also performed hydrolysis experiments in aqueous acidic (1 M HCI) and basic (1 M
NaOH) solutions at room temperature (Figure 6). In 1 M HCI, the rate of hydrolysis was much
faster than in DI water at room temperature, and TOC content reached to 51% in 57 days.
Hydrolysis in a basic solution (I M NaOH) resulted in relatively linear growth of TOC content
over time and complete degradation in 10 h (Figure 6). We observed near-complete disappearance
of 6G-8 films after 5 h. Hydrolyzed products in NaOH solution (1 M in D20) were analyzed over
time by 'H NMR spectroscopy (Figure S11). Sebacate disodium salt and 6G were mostly observed
after 8 h. Further hydrolysis of most amide groups gave rise to 1,6-diaminohexane and sodium
glycolate salt in 12 d, suggesting that hydrolysis of ester groups was followed by that of amide
groups. It was surprising that the hydrolysis rate of 6G-8 in NaOH (1 M) solution was much faster

than that of poly(ester-amide)s derived from f-methyl-d-valerolactone, as reported by Guptill et
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al.3® The faster kinetics observed for 6G-8 are presumably attributed to the higher hydrophilicity
of the polymer and higher driving force for hydrolysis because the hydrolyzed product, 6G, can be

stabilized by hydrogen bonding between N-H and O (Figure 1 & S3).
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Figure 6. Hydrolytic degradation studies of 6G-8 in (A) DI water at room temperature, 50 °C, and
70 °C; 1 M HCI; and 1 M NaOH at room temperature. The total organic carbon data were obtained
from total organic carbon content in the aqueous solutions divided by carbon content of 6G-8 films.
The data points and error bars represent median and range for triplicate experiments, respectively.

Conclusion

We have demonstrated the synthesis and characterization of poly(ester-amide)s derived
from glycolide. The monomers, diamidodiols, were prepared with perfect atom economy without
any solvents or catalysts. Using renewable diamidodiols and aliphatic diacids, we synthesized
various poly(ester-amide)s with M, up to 32 kg/mol with different numbers of methylene groups

to study structure—property relationships. Most polymers showed very wide thermal processing
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windows (74,5% — Tm) up to 236 °C. The melting and crystallization temperatures depended on the
alkyl chain lengths of poly(ester-amide)s. Furthermore, mechanical properties of the 6G-y series
at high molar mass were competitive with commercial gas barrier materials such as PGA and PET.
Oxygen permeability of 6G-y series of the poly(ester-amide)s also outperformed PET and PLLA.
The polymer films of 6G-8 were fully degradable in basic conditions (1 M NaOH) within 10 h to
monomers based on TOC and NMR analysis. These results suggest that the 6G-y of poly(ester-
amide)s at high molar mass are the most promising candidates for renewable, degradable and

ductile gas barrier materials.
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