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ABSTRACT: Polyesters constitute nearly 10% of the global plastic market, but most are essentially non-degradable under ambient
conditions or in engineered environments. A range of degradable polyesters have been developed as more sustainable alternatives;
however, limitations of practical degradability and scalability have hindered their viability. Here we utilized transesterification
approaches, including in-situ polymerization-transesterification, between a salicylate and a polyester to incorporate salicylate units
into commercial polyester backbones. The strategy is scalable and practically relevant given that high molar mass polymers can be
obtained from melt-processing of commercial polyesters using common compounders or extruders. Polylactide containing sparse
salicylate moieties shows enhanced hydrolytic degradability in aqueous buffer, seawater, and alkaline solutions without sacrificing
the thermal, mechanical, and Oz barrier properties of the parent material. Additionally, salicylate sequences were incorporated into
polycaprolactone and a derivative of poly(ethylene terephthalate), and those polymers also exhibited facile degradation behavior in
alkaline solution, further expanding the scope of this approach. This work provides insights and direction for the development of high
performance yet more sustainable and degradable alternatives to conventional polyesters.

INTRODUCTION

Most commodity polymers are essentially non-degradable
and widely found in single-use packaging.! Not surprisingly,
approximately 56 million metric tons (Mt) of plastic packaging
materials ended up in landfills and/or the natural environment
in 2016;'2 the accumulated plastic waste in our oceans is
projected to reach 900 Mt by 2050.2% Advances in new
recycling and upcycling approaches, including sustainable
incineration and chemical/mechanical recycling, are being
explored for addressing the growing plastic waste problem. ! In
addition, biodegradable polymers, some of which can be
converted into water, carbon dioxide, and biomass under
appropriate biologically active conditions after their intended
use, represent one possible end-of-life solution. *7 Polylactide
(PLA) is one example, with an estimated global demand on the
order of 1 Mt in 2020.% Nevertheless, some polymers labeled as
degradable lack facile degradability in natural environments.*°
For example, PLA must be exposed to elevated temperature,
high humidity, and appropriate microorganism populations in
industrial composting facilities to induce full degradation over
reasonable time frames (e.g., months) and is not readily
degradable in natural environments.*

Among molecular factors that influence polymer
degradation, the glass transition temperature (73) and molar
mass are important characteristics to consider.!*!? Polyesters
are mostly required to be at or above their 7gs to promote their
hydrolytic degradation through an increase in chain mobility
within the amorphous regions, making high 7, polymers more
difficult and energy intensive to degrade.®!° Low T, polymers,
e.g., poly(butylene adipate terephthalate) (PBAT), have been

developed to enhance ambient degradability, however, this
feature compromises use in applications that require rigidity at
room temperature.'>!'* Moreover, high molar mass is typically
required to achieve desirable mechanical properties, but the
associated decrease in end-group concentration and molecular
mobility are often commensurate with decreased degradation
rate.!® Designing polymers with facile degradability without
sacrificing their performance is a critical challenge in the area
of sustainable polymers.

Degradable polymers have been developed for a range of
applications and include: poly(hydroxyalkanoates),>!* poly(y-
butyrolactone) (PBL),'*" PBL containing trans-ring
structures,'® and polyolefins with silyl-ethers, fused cycles, or
ketones.!*?3 Unfortunately, many of these examples are derived
from fossil  resources,?!? require complicated
monomer/polymer/catalyst synthesis steps,>!>182%22  show
limited (co)polymerization efficiency,'®!” display limited
degradability,?'?* and/or would likely experience significant
technological hurdles with respect to scalability. We
demonstrate a powerful strategy to incorporate readily
cleavable salicylate moieties®* directly into polyesters through
a straightforward transesterification approach. We posit that
this transesterification approach could be cost-efficient and
industrially relevant by using commercially available polyesters
and practical melt modification techniques in a similar manner
to transesterification strategies used to compatibilize polymer
blends,” incorporate new functional units,'” and produce
polymer networks.?® This approach builds on our recent
demonstration that salicylic acid, a hydrolysis product from
synthesized salicylate-based polymers, can induce autocatalytic
acceleration of aq-
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Figure 1. Synthetic pathways to produce PLS.

ueous degradation given its relatively high acidity (pKa. = 2.3).%*
Here, we show that by incorporating salicylate units into PLA
using melt modification techniques, results in materials with
comparable thermal, mechanical, and gas barrier properties to
the parent PLA, while also exhibiting enhanced degradability
characteristics. We further employ this strategy with
commercially relevant poly(caprolactone) (PCL) and
poly(ethylene glycol-co-cyclohexanedimethanol terephthalate)
(PETg), considerably expanding the scope of this approach for
the development of next generation sustainable polymers.

RESULTS AND DISCUSSION

Ring-opening transesterification copolymerization of lactide
and salicylic methyl glycolide (SMG) was carried out in
presence of Sn(Oct)2 (Route A in Figure 1 and entries 1-4 in
Table S1). A reaction time of 2 h at 110 °C resulted in the
production of poly(salicylic methyl glycolide) (PSMG)
homopolymer with very little lactide incorporation, and a
blocky polymer was produced at longer reaction times (3—12 h).
The microstructure of the copolymer was investigated by 'H
NMR spectroscopy (Figure 2a), and both lactate (L) and
salicylate (S) units were resolved to distinguish the L-L-L
homosequence, L-L—S/S—-L-L heterosequences, and the S—L—
S alternating sequence. The S—L-S alternating signals were
predominant at early stages. The L-L-L homosequence signals
gradually increased over time with little increase in
heterosequences, indicating blocky polymer formation. This
result was in agreement with 3C NMR spectroscopy (Figures
S2-S3), T analysis by differential scanning calorimetry (DSC)
(Figure S4), and molar mass analysis by size exclusive
chromatography (SEC) (Figure S5).

We attempted direct incorporation of salicylate moieties into
the polyester backbone using transesterification at 160 °C
(Figure 1, Figure S7 for plausible reactions): either in-situ
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polymerization-transesterification of SMG and PLA (Route B
in Figure 1, entries 5-10 in Table S1) or intermolecular
transesterification between PSMG and PLA (Route C in Figure
1, entries 11—15 in Table S1) using solution-based processes
initially (toluene as solvent). PLS# indicates the poly(lactic
acid-stat-salicylic acid) containing # mol% of salicylate
moieties. In the 'H NMR spectra for Route B, the SMG signals
disappeared and S—-L-S alternating sequences appeared after 1
h (Figure 2b). The S-L-S signals then decreased with
increasing L-L—S/S-L-L heterosequence signals over time,
suggesting that rapid polymerization of SMG occurred early
that was then followed by transesterification. 'H NMR spectra
for Route C showed a decrease in S—L-S alternating sequences
and increase in L-L—S/S—L-L heterosequences upon reaction,
indicating successful sequence exchange (Figure 2¢). Based on
the '"H NMR data, the degree of randomness (R) was calculated,
where R = 0 for a block copolymer and R = 1 for a completely
random architecture.?” The R value increased to = 0.9 through
Routes B and C while plateauing at 0.24 in Route A, further
suggesting that statistical distributions could be achieved
through transesterification Routes B and C. The statistical
distributions were further supported by '3C NMR spectroscopy
(Figures S2-S3). Diffusion ordered spectroscopy (DOSY)
NMR data suggest that the polymer chains are nearly equally
populated with the comonomers (Figure S6)._The molar mass
of the parent PLA (Mysec = 111 kg mol ™!, D = 1.3) decreased
slightly (Figure S5); for example, the molar mass of PLS25
through Route B and C was 87 and 83 kg mol™!, respectively.
This likely originates from side reactions involving trace
impurities (e.g., water) that result in chain fragmentation during

transesterification (Figure S8).25-28
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Figure 2. '"H NMR spectra corresponding to the methine proton
region with reaction time for three different synthesis routes of
PLS25 (R = degree of randomness).

Both transesterification reactions (Routes B and C) were also
carried out in the melt using a twin screw microcompounder
(160 °C, 3 h) using di-n-octyltin oxide (DOTO) as a catalyst.
Through this bulk and scalable process, PLS with a near-
random distribution (R = 0.79-0.85) was obtained with high
SMG conversion (> 99%) (Table S1, entries 16-17).
Transesterification in the melt state showed comparable extent
of reaction to that in solution but at shorter reaction times (3 h),
bolstering the potential of this approach in practical scenarios.
For example, the in-situ melt polymerization-transesterification
(Route B) is very similar the industrial melt-processes for
grafting maleic anhydride to polyolefins.?’ In addition, the
reaction temperature for transesterifications (160 °C) is close to
the typical melt processing temperatures for PLA (160-200
°C).** We note that attempts to implement the direct
transesterification between salicylic acid and PLA resulted in
significant PLA degradation. See Figures S2—S13 more details.

The thermal and mechanical properties of PLS samples were
examined by DSC, thermogravimetric analysis (TGA), and
tensile testing. Purified PLS samples with high molar mass and
high degree of randomness (Route B, entries 7-9 in Table S1)
were utilized to evaluate the properties of the pure polymer.
PLS7 showed T, = 58 °C, comparable to
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Figure 3. Properties of the synthesized polymers. (a) DSC data (2
heating, 10 °C min™'), (b) TGA data (under N2, 10 °C min™), (c)
representative tensile testing data (ASTM D1708), and (d) O2
permeabilities.

Tepa = 57 °C (Figure 3a). The Tgs of PLS increased with
increasing salicylate content (e.g., Teprs2s = 67 °C),>43! thus the
modifications here slightly increase the 7y of the product polyesters
as compared to the parent PLA. T} increased in a similar fashion
upon the salicylate modification of a semi-crystalline PLLA, and
the melting temperature and the degree of crystallinity slightly
decreased, presumably due to some disruption of chain packing by
the salicylate units (Figure S13d). All PLSs displayed T45% ~ 320
°C (Tu,5%, defined by the temperature of 5% mass loss), comparable
to Tas%pLa = 338 °C and other polyesters (e.g., Tas% of poly(y-
methyl caprolactone) = 350 °C, under N2) (Figure 3b, Figure S14
for TGA data in air atmosphere). Isothermal TGA data indicates
that purified and crude polymers (i.e., non-purified polymer
mixture with Sn(Oct)2) containing salicylate moieties are stable
under typical thermal processing conditions (Figure S15). The PLS
displayed a tensile strength of o ~ 58 MPa, elastic modulus of £~
2.2 GPa, and elongation at break of e» = 7.9% (Figures 3c and S16,
Table S2), are all comparable to the parent PLA. In addition, melt-
processed crude PLS exhibited comparable mechanical properties
to the purified polymers and no significant deterioration in
mechanical properties upon reprocessing (Figure S17). To evaluate
the potential of these new materials for packaging applications, the
oxygen (O2) permeabilities of the high molar mass PLS samples
were also evaluated (Figures 3d and S18). PLA showed O2
permeability of 0.42 barrer (leak error =~ 8%), comparable to
reported values (0.45-0.53 barrer).33-3* All PLS samples exhibited
comparable Oz permeability ~ 0.46 barrer (leak error = 7%). In
general, PLS displayed comparable thermal, mechanical, and Oz
barrier properties to PLA, demonstrating that statistical
incorporation of salicylate sequences into PLA up to 25 mol% does
not have a significant impact on these important polymer
properties.

Degradation experiments were performed by immersing the
copolymers into aqueous solutions, i.e., aqueous phosphate
buffer solution (PBS, 1 M, pH 7.4), artificial seawater (pH 8.1),
and NaOH solution (0.1 M) (Figures 4a—c). Elevated
temperatures (50 °C) allowed observation of complete
degradation over experimentally accessible time frames while
remaining below the 7y of the samples. Upon
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Figure 4. Mass loss profiles of polymers under the hydrolytic degradation conditions at 50 °C in (a) 1 M PBS (pH 7.4), (b) seawater (pH
8.1), and (c) 0.1 M NaOH (agq.). Possible facilitated degradation mechanisms of PLS by salicylate sequences under (d) basic and (e) acidic

(autocatalysis) conditions.

immersion in PBS, PLS samples showed complete mass loss
after a short induction period (Figure 4a). We attribute the
initial increase in mass during the induction period to water
uptake driven in part by osmotic pressure resulting from the
bulk erosion process.!*37 PLA also showed complete mass
loss after water uptake, but over a much longer time frame of
approximately 90 days, as compared to 4055 days for the PLS
samples, depending on salicylate content.

The accelerative bulk erosive degradation in the PLS samples
also occurred in PBS at 40 °C over longer periods, e.g., near
complete degradation at 125-150 days (Figure S19). In
addition, degradation experiments in PBS were carried out at
room temperature (23—27 °C) with exposure to natural sunlight
to mimic environmental conditions (Figure S20). Significant
mass increases were observed in the PLS15 and PLS25 samples
representing the initial stages of water uptake that were
followed by rapid degradation at both 40 and 50 °C, but the
PLS7 and PLA samples showed only a small mass change
(Figure S21). Based on our analysis using the water uptake data
at 50, 40, and 23-27 °C and an Arrhenius approach, we estimate
that 2.8 years are needed for complete degradation of PLS25 in
PBS under ambient conditions (Figure S22).34° This
remarkable enhancement is compared to our estimate of full
degradation of amorphous PLA under the same condition (5.5
years). However, it is important to note that this time-frame
could depend on the shape and thickness of the specific sample
undergoing  degradation.'>*  Photo-oxidative ~ processes
represent one possible degradation pathway for polyesters
including PBAT and PLA in natural environments,**!
suggesting that the aromatic groups could be beneficial for
degradation (Figure S23). PLS displayed even faster bulk
erosion in simulated seawater, with complete mass loss of
PLS25 over 29 days (Figure 4b). In contrast, PLA in seawater
showed much slower degradation, likely because of weaker
ionic strength conditions in simulated seawater compared to

PBS that drives water uptake and subsequent degradation.!'!?

Furthermore, PLS showed faster mass loss profiles in an
alkaline solution (0.1 M NaOH) than PLA (Figure 4c).

We attribute the facile hydrolytic degradation of the PLS
samples to the salicylate sequences distributed in the polymer
backbone. Readily cleavable salicylate moieties facilitate
backbone hydrolysis under basic conditions leading to chain
fragmentation (Figure 4d). This is consistent with both the
short induction periods of PLS samples under near-neutral
conditions (Figures 4a—b and S19) and faster mass loss profiles
of PLS samples as compared to PLA under alkaline conditions
(Figure 4c¢). Salicylic acid, one of the hydrolysis products, can
also act as a catalyst for chain cleavage during bulk erosion
(Figure S24 for hydrolysis products). The salicylic acid pKa (=
2.8)* is lower than that for lactic acid (= 3.9),* which results in
faster generation of other acidic hydrolysis products, leading to
an amplified degradation cascade (Figure 4e).** This is
consistent with the autocatalytic bulk erosion of PLS samples
in PBS and in simulated seawater. PLS2, containing a very
small amount of salicylate moieties, showed only slightly faster
degradation than PLA, possibly due to the small salicylate
content, further confirming the critical role of salicylate
moieties for facilitating degradation (Figure S25). Moreover,
the hydrolytic degradation rates of PLS samples were
comparable to PSMG homopolymer in spite of relatively lower
salicylate content.?* This is likely because amorphous PLS (7
~ 58-67 °C) is somewhat more mobile at the degradation
temperatures as compared to the PSMG (7 = 78-85 °C),
enhancing the degradation process.!®!??*3! Furthermore, two
hydrolysis products (i.e., salicylic acid and lactic acid) are
essentially benign and have been approved by the FDA for
some uses,’"2 lessening the concerns over any negative impact
of PLS degradation products.

To expand the scope of the strategy described above,
salicylate moieties were incorporated into poly(caprolactone)
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(PCL) and poly(ethylene glycol-co-cyclohexanedimethanol
terephthalate) (PETg) in solution or melt state. PCL has been
widely used commercial polymer, however, its slow
degradation limits the range of applications, making it a
desirable candidate to explore imparting tunable
degradability.***® PETg, an amorphous derivative of PET, that
also degrades slowly under ambient conditions, was selected
because it has been widely used in many applications (e.g.,
packaging, bottles) and the relative ease with which in can be
handled (e.g., soluble in organic solvents, low processing
temperature) allows us to readily achieve some extent of
transesterification compared to semi-crystalline PET.3!4%0 The
copolymers were synthesized by in-situ solution or melt-state
polymerization-transesterification of SMG and each polymer
(Route B, Figure S26, and Table S3). 'H NMR spectra of
poly(caprolactone-stat-lactic acid-stat-salicylic acid) (PCLS)
and poly(ethylene glycol-stat-terephthalate-stat-
cyclohexanedimethanol-stzaz-lactic  acid-stat-salicylic  acid)
(PETCLS) showed that salicylate and lactate were incorporated
into the polymer backbone in a similar fashion as compared to
PLS (RecL = 0.70-0.78, Reerces = 0.75-0.81, Figures S27-S29).
The successful synthesis was further confirmed by SEC
(Figures S30-S31) and DSC (Figures S32—S33) analyses.

Degradation experiments were carried out by immersing the
polymers into alkaline solution (Figure S35). Given that the
parent PCL and PETg hydrolytically degrade quite slowly
under ambient conditions, we intentionally used more
aggressive degradation conditions (2 M NaOH, 50 °C) to
evaluate the degradability over reasonable time frames. PCLS
showed enhanced degradation as compared to PCL with
complete mass loss over 100 days, demonstrating that salicylate
moieties played a critical role in facilitating degradation (Figure
S35a). PETCLS displayed continuous mass loss and reached =
45% mass loss over 220 days while PETg showed only a small
mass loss (= 10%) over 220 days, confirming again that
salicylate is a key molecular element for enhancing hydrolytic
degradation (Figure S35b). Although the relative degradation of
PETCLS is slow compared to the PLA-based samples, inducing
significant base degradability into PETg by the incorporation of
salicylate sequences could be an important for further chemical
recycling processes. The facile degradation of PCLS and
PETCLS is likely attributed to chain fragmentation by the
cleavage of salicylate linkages, thereby producing low molar
mass oligomers that degrade more easily and/or have enhanced
permeability to water.'* See Figures S35-S38 more details.

CONCLUSION

This study demonstrates that salicylate sequences can be
incorporated into PLA by established, convenient, practical and
effective transesterification approaches. The synthesized PLS
samples showed enhanced degradability in all aqueous media
without exhibiting a significant trade-off in thermal stability,
mechanical properties, or O> permeability compared to the
parent PLA. In addition, by controlling the salicylate content,
the degradation rate was tuned in a controllable manner.
Furthermore, the versatility of the transesterification strategy
was highlighted by incorporating salicylate sequences into PCL
and PETg. The modified PCL and PETg exhibited enhanced
degradability, further expanding the scope of this strategy. The
materials and approaches described in this study highlight
potentially scalable modifications to commercially available
polyesters that improve their sustainability through more facile
degradation characteristics.
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