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Tunable Dynamic Covalent Networks from Mechanochemical Depolymerization of Post-Consumer
Aliphatic Polyesters
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Matthew R. Golder*!

I Department of Chemistry and Molecular Engineering & Science Institute
University of Washington, Seattle, WA 98195
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Abstract: Aliphatic polyesters such as poly(lactic acid) (PLA) and poly(hydroxyalkanoates) (PHAs) are
inherently biodegradable, therefore these materials are typically collected and composted at end of life which
results in products that prevent recycling and repurposing into new materials. Chemical recycling presents an
orthogonal method for the depolymerization of polyesters and their packaging formats (e.g., multilayer flexible
packaging), but this process can produce significant chemical waste in the form of solvents and excess reagents.
Using ball mill grinding (BMG) to overcome the limitations of conventional ester aminolysis, we demonstrate an
operationally simple mechanochemical depolymerization of PLA, PHAs, and biodegradable multilayer flexible
film packaging. Maintaining a focus on sustainable materials, we then demonstrate the synthesis of tunable a-
lipoic acid (aLA)-based resins for photopolymerization to disulfide covalent adaptable networks (CANs) from
the depolymerized polyesters in one-pot. Investigation into structure-property relationships reveals a range of
mechanical properties— producing significantly softer materials relative to the initial polyester film packaging.
Additionally, we demonstrate degradation via disulfide cleavage of the alLA-based materials under conditions
that mimic low oxidation-reduction potential (ORP) environments. Ultimately, this work further solidifies the
utility of BMG mechanochemistry for mild and sustainable depolymerizations and demonstrates metamorphosis
of the depolymerized monomers into bio-based CANs with unique properties while maintaining degradability.

Introduction

Biodegradable polyester materials such as poly(lactic acid) (PLA) and poly(hydroxyalkanoates) (PHAs)
are gaining popularity as sustainable alternatives to traditional polyolefins in response to the global plastic waste
crisis.!? A lack of widespread and accessible infrastructure to mechanically recycle these plastics has prevented
their proper reuse in a circular economy (i.e., recycling/repurposing back to the original material), however.?
While a sustainable end of life for these materials is accessible through composting, this method prevents
repurposing of the material, demonstrating the need for alternative recycling methods (e.g., chemical recycling).?
Chemical depolymerization and repolymerization for repurposing polymer waste can give a new life to these
plastics (i.e., repurposing of plastic waste into new materials) that incentivizes their recycling via value-added
products with newfound properties and built in circularity that differs from the parent feedstock.* Polyesters are
particularly amenable to depolymerization due to labile ester bonds along the backbone. While hydrolysis and
methanolysis maintain the circular PLA economy by producing lactide/lactic acid and methyl lactate, they
typically require harsh conditions, catalysts, and large excesses of reagents due to low reaction rates.> Recently,
aminolysis with ethanolamine (EA) has attracted attention as a catalyst-free depolymerization method of aliphatic
and aromatic post-consumer polyesters for the formation of amide-containing diols, uniquely poised for later
transformations relative to other -lysis products. Using primary amino alcohols (e.g., EA), methods typically
result in high yields under relatively mild conditions (e.g., 1 h, 100 °C).*-'* The subsequent diol monomer derived
specifically from EA has been used for esterification to a diacrylate for additive manufacturing applications!?
(Figure 1A) and polycondensation for the synthesis of poly(ester-amides).'* While these collective methods are
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effective for depolymerization, they still require high temperatures, an inert atmosphere, and/or excess
nucleophile, thus limiting their energy efficiency and atom economy. Mechanochemistry via solid-state ball mill
grinding (BMG) is uniquely poised to overcome these specific limitations found in traditional solution-state
chemistry for polymer degradation and upcycling.!5-17

Degradation under mechanical force was first described for macromolecular chain scission by Staudinger
in the 1930s.!® Since then, chemists have utilized mechanochemical reactions to depolymerize,!'>!19-22
synthesize,?>26 and functionalize?’-?® a variety of industrially-relevant polymers. In the context of synthetic
chemistry, mechanochemistry is lauded for faster kinetics and lower solvent usage relative to solution-state
analogs driven by traditional stimuli such as heat and light.?*° For polymer science in particular, relevant work
showcasing the catalyst- and/or solvent-free mechanochemical hydrolysis of poly(ethylene terephthalate)
(PET),?'22 methanolysis of poly(carbonates) (PC) and PLA,!° and aminolysis of PC with fert-butyl amine?! have
demonstrated BMG to be a sustainable and effective option for depolymerization, forgoing high temperatures
and/or catalysts to obtain full substrate conversion (Figure 1B). Many of these reported mechanochemical
polyester depolymerizations maintain a closed-loop recycling approach, reproducing the initial
monomers/material. While closed-loop chemical recycling is useful to recover initial polymer properties without
the addition of virgin material, open-loop recycling to a higher value material, such as thermosets/covalent
adaptable networks (CANs) with built in circularity, better incentivizes recovery and reuse.* Despite widespread
efforts on polyester mechanochemical and solution-state depolymerization, methods for subsequent
repolymerization toward crosslinked materials with dynamic bonds for reprocessability (e.g., disulfide exchange)
and inherent circularity/biodegradability remain under explored, especially those from mixed waste systems. In
this work, we sought to combine the faster kinetics of aminolysis with the advantages of mechanochemistry to
develop a catalyst- and solvent-free aminolysis of aliphatic polyesters with an amino alcohol, focused on PLA,
PHAs, and mixed waste film packaging. To further incentivize chemical recycling, we demonstrate emblematic
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Fig. 1 Inspired by (A) solution-state aminolysis and (B) the state-of-the-art mechanochemical
depolymerization of PLA via catalyst-free methanolysis we present (C) this work’s mechanochemical
aminolysis of PLA and PHAs for covalent adaptable disulfide networks.
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repurposing of the resulting diol monomers into one-pot lipoate resins for disulfide CANs from plastic waste with
potential as vat photopolymerization resins*? (Figure 1C). Utilizing BMG conditions, we demonstrate improved
aminolysis monomer yields of PLA pellets and unprocessed waste (i.e., a PLA cup) relative to solution-state
conditions. Notably, our mechanochemical aminolysis method is conducted under air and uses limited excess of
nucleophile yet delivers comparable results to previous solvothermal reports. Our catalyst-free depolymerization
strategy can also be applied to mixed waste film packaging, a complex material that cannot be mechanically
recycled back to polymer, with moderate yields. Steglich-type esterification of the monomers with «-lipoic acid
(aLA), a bio-derived disulfide source, and subsequent photopolymerization result in tunable, soft CANs with
Young’s moduli spanning almost an order of magnitude. These dynamic materials provide a wide range of thermal
and mechanical properties that are significantly different than the initial post-consumer material, while
maintaining degradability as shown by reductive switching. Overall, we present an operationally simple mechano-
aminolysis method for the metamorphosis of plastic waste into bio-derived, degradable CANS.

Results & Discussion
Mechanochemical aminolysis of low molar mass poly(lactic acid)

We first evaluated mechanochemical aminolysis conditions on low molar mass (M, = 10.8 kDa) semi-
crystalline PLLA to test reaction parameters. Building upon previously reported mechanochemical
depolymerization conditions for PLA,!° we elected to utilize a 25 mL stainless steel jar with 50 x 5 mm stainless
steel milling balls as a starting point for reaction optimization. Experimentally, PLLA and EA in various ratios
were added under air and milled. Force-free PLA aminolysis is typically set up under inert conditions due to high
temperatures and long reaction times oxidizing the amine nucleophile. Notably, the use of mechanochemistry to
reduce reaction time and temperature enabled us to conduct these reactions under air. Within 0.5 hours and only
a slight excess of nucleophile (2.0 equivalents), 80% of the desired diol monomer (M 5) was achieved (Table 1),
while lower equivalents of EA resulted in lower yields. It was previously reported that under dry milling
conditions, rates of mechanochemical chain scission were found to be consistent between both semi-crystalline
and amorphous PLA .33 These similar rates were due to amorphization of the semi-crystalline PLA in under one
minute of milling. To determine the effect of PLA’s crystallinity on chemical depolymerization efficiency, we
synthesized low M, (21.3 kDa) amorphous PLDLA and subjected it to the optimized reaction conditions.
Aminolysis of PLDLA yielded 84% My, consistent with previous findings that initial crystallinity did not
significantly impact results. To further increase monomer yield, we identified potassium carbonate (K,COs) as a
potential additive to activate the polyester backbone, improving electrophilicity even without full solubility.34
Interestingly, we observed a decrease of ca. 30% in My, production, presumably due to less productive
mechanochemical energy transfer due to added volume from the solid base. Notably, the M| , monomer, which
we used for structural confirmation and materials screening (vide infra), is available commercially at a cost of
1,084 USD per mole. With our depolymerization protocol, the total cost of reagents (PLA,, and ethanolamine)
is under 6 USD per mole (Table S1).
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Table 1: Optimization of mechanochemical aminolysis of low molar mass PLA?

O > HO OH
'(JH/ % T Zsmissjar \/\NJH/
50, 5 mm SS balls &
PLA 0.5 h, milling, 30Hz M a
Sample M, (kDa)® pb Ethanolamine K,CO;s Monomer (M)
(Equiv.) (Equiv.) Yield (%)°

PLLA 10.8 1.2 1.0 0 66
PLLA 10.8 1.2 1.5 0 75
PLLA 10.8 1.2 2.0 0 80
PLDLA 21.3 1.2 2.0 0 84
PLLA 10.8 1.2 2.0 0.5 50

®Reaction conditions: PLA repeat unit = 1 mmol. ®M, and P were determined by GPC-MALS-RI in CHCls.
‘Monomer yield was determined by 'H NMR spectroscopy using dibromomethane as an internal standard.

Depolymerization of commercial and post-consumer polyester substrates

With optimized depolymerization results from model PLA substrates in hand, we turned our attention to
commercial and post-consumer substrates of both PLA and a common PHA copolymer, poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) (PHBH) with approximately 94 mol% 3-hydroxybutyrate (3HB) and 6 mol% of the 3-
hydroxyhexanoate (3HH) unit (Table 2). For these commercially relevant samples, we initially found that
increasing reaction times from 0.5 h to 1 h slightly improved yield, from 76% to 86% M4, for the 76.4 kDa
PLAowder sSample (Table S2 for results of extended reaction times). Additionally, an 89.3 kDa post-consumer
PLA cup (PLA.,,) was also easily depolymerized with a yield of 77%. We were also interested in the kinetics of
the BMG depolymerization, as it appeared to be faster than previous mechanochemical PLA depolymerizations,
which took up to 5 h under methanolysis conditions.'® At short reaction times we observe a yield of 18% in 30
seconds (Table S2). We then see the yield continue to increase reaching 65% in 5 minutes, after which the reaction
appears to slow until reaching a maximum yield of 86% in 1 hour. While our yields increase linearly under 15
mins, they eventually plateau after 1 h. We hypothesize this is due to the temperature dependent viscoelastic
behavior of our polymer substrates during milling and monomer generation over time.?>3>3¢ Friction generated
from milling increases the bulk jar temperature to 41 °C in 0.5 h (Table S3). At this temperature, we are
approaching the T, of the PLAowqer (56 °C), at which increased mobility of the chains can limit effective force
collisions by reducing localized stress.!”3> We also expect effective applied force to decrease as the amount of
viscous liquid monomer is generated. This will trap milling media preventing collisions and ultimately generating
less friction, which is evidenced by decreasing temperature over long reaction times (Table S3). Applying the
optimized conditions to a 94.1 kDa PLA pellet (PLAj¢;) showed a lower yield of 31% compared to the model
PLA yields (ca. 80% product). We found that the PLA,jic Was almost 14 times thicker than the PLA_,, substrate
(Figure S4), demonstrating the impact initial bulk morphology and available surface area has on
depolymerization efficiency.

Based on our results from the kinetic data and the low yields from the PLAjc depolymerization, we
surmise that mechanochemical aminolysis is occurring on the surface of substrate in a reactive phase. This
reactive microenvironment is governed by penetration of the nucleophile into the surface from applied mechanical
force.??37 Interestingly, the rate of depolymerization is critical at short times to achieve effective
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depolymerization. At longer times we observe the yield plateau, likely due to increasing temperature resulting in
elastic collisions and generation of monomer that eventually traps milling media, thus inhibiting the reaction
phase. Similar mechanisms have previously been described in the mechanochemical depolymerization of other
polyesters, such as PET?2-36-38 and PCs.1°3°

We then evaluated PHBH samples, with the assumption that they would depolymerize similarly to PLA
given their comparable repeat unit structures and generally similar mechanical properties. Despite reaction times
up to 3 h and the addition of a 0.5 h cryogenic temperature (ca. —196 °C) pre-milling step, we saw a significant
decrease in yield compared to PLA. Yields of 20% and 25% of the expected monomer, M;yg, were obtained from
both the PHBH i (200 kDa) and PHBH,owqcr (148 kDa), respectively. We also noted the presence of alkene
resonances at 5.95 and 6.77 ppm in our 'H NMR spectra from these depolymerizations (Figure S12). These
resonances can be attributed to the formation of crotonic and isocrotonic acid derivatives from a competing E1cB
reaction, which has been previously observed in solution-state aminolysis of PHB.** Although this competing
reaction resulted in a slight decrease in yield, it does not explain the significant difference in reactivity between
PHBH and PLA. We hypothesized that unlike PLLA, PHBH fails to fully amorphize under mechanical stress.
After pre-milling and during aminolysis, the bulk temperature of the jar increases, so that milling occurs well
above PHBH’s glass transition temperature (7, = —4 °C). At the bulk jar temperature of ca. 42 °C, PHBH exists
in the rubbery region, resulting in more elastic collisions between the polymer and the milling media and
subsequently limiting the depth at which the nucleophile can penetrate the polymer particle under mechanical
force. Although measured at room temperature, this is exemplified by the differences in stiffness of the materials.
The commercial PLA substrate is roughly 3 times stiffer than PHBH and has a significantly higher 7, (Table S6),
rendering PLA’s degradation under the same mechanical force faster before the effective applied force is limited
from increasing elastic deformations and trapped milling media. It is also likely that the effective applied force
generated during milling does not provide sufficient transfer of kinetic energy to break crystallites in a low T,
material. Retention of crystallinity could explain lower depolymerization yields, as crystallinity can correlate to
chemical resistivity.*! Semi-crystalline structure in PHBH was confirmed by presence of melting peaks via
differential scanning calorimetry (DSC) (Figure S44). After milling the polymer for 0.5 h at room temperature,
apparent crystallinity only decreased by ca. 5% (Figure S45). Milling at cryogenic temperatures also had little
impact on apparent crystallinity (Figure S46 and S47); however, we found that introducing a cryogenic
temperature pre-milling procedure prior to PHBH,,,qer depolymerization minimally increased yields from 18%
to 25%, presumably due to decreased molar mass after pre-milling (Table S4 and Figure S8). To further confirm
crystallinity impacts PHBH depolymerization yields, we also evaluated an amorphous PHA (aPHA) of a similar
molar mass as the other substrates (ca. 180 kDa). aPHA is a copolymer of ca. 60 mol% 3-hydroxybutyrate and
40 mol% 4-hydroxybutyrate, resulting in both Msyp and Mupg products from depolymerization, respectively.
Under the standard 3 h reaction conditions (no pre-milling), both aPHA bulk morphologies (i.e., 183 kDa
aPHA owder and 174 kDa aPHA ;) show a significant increase in total monomer yield (M3yg and Mupg)
compared to PHBH, from 25% to 43% for the PHBHowder and aPHA oy aer, respectively. We do also observe
formation of elimination byproducts from the aminolysis of aPHA as well (Figure S14). The increase in yield for
less crystalline PHA substrates supports our hypothesis that amorphization is critical to the initial
mechanochemical depolymerization of aliphatic polyesters in our BMG system. If crystallinity were the only
factor determining sufficient depolymerization, however, we would have expected the yield of aPHA yqer to
match that of the PLA,yqer. Therefore, we note that the thermomechanical behavior (i.e., T, and viscoelasticity
at reaction temperature) of the polymer also likely plays a role in the efficiency of depolymerization. As aPHA
has a T, 0f —20 °C, we expect that like PHBH, aPHA is being milled in the rubbery region and dissipating energy
at short reaction times to prevent more efficient depolymerization.
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To demonstrate the utility of BMG compared to thermal stimuli, we conducted force-free stirred controls
at 42 °C (Figure S5 and Table S5), the highest temperature recorded on the surface of the milling jars (see Table
S3 for surface temperatures over extended milling times) under an inert N, atmosphere. Most notably, yields from
the mechanochemical aminolysis of the PLA.,, and the PLA . were significantly higher than their force-free
counterparts— <5% monomer yield for both substrates without applied force and up to 77% for the PLA;, under
mechanochemical conditions. This significant increase in yield for the PLA,, is likely due to the reduction in
particle sizes during ball milling to increase surface area, relative to the pellet substrates that are still more
challenging to mechanochemically depolymerize than the other morphologies likely due to their thickness/lower
surface area. When milling the pellets near/above PLA,e’s and PHBHpene’s 7s, we observe less effective
comminution, as evidenced by our recovery of smaller pellets after depolymerization. Unreacted pellets were also
retrieved at extended reaction times, with no improvement in yield. However, we do observe higher monomer
yields overall for the depolymerization of unprocessed substrates. Improved monomer yields under mild
conditions demonstrates the inherent value of mechanochemistry over traditional solution-state processes. It
should be noted that because these BMG reactions are run in stainless steel containers, we cannot entirely rule
out iron catalysis from the jar/milling ball surfaces.!#?

Table 2: Mechanochemical aminolysis of various polyester substrates?
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R > HO\/\N)L, ~OH
) 25 mLSS jar H "
D= 50, 5 mm SS balls
pLA_,;’\r‘g milling, 30 Hz
pH|_=,|-|_,/\/Lf0r /\/d MA ’;ﬁ/ M3HB
(copolymer) M- A ~_%
aPHA—J\)\; or A
(copolymer)
& Sample M, (kDa)P pb Reaction Time (h) Total Monomer Yield
(%)
PLApe“et 94.1 1.3 1 31
PLA jowder 76.4 14 1 86
PLAp 89.3 1.3 1 77
PHBH,,euetd 200 2.2 3 20¢
PHBHPOWderd 148 1.8 3 25¢
aPHA jciet 174 1.5 3 40f
aPHA ;,wder 183 14 3 43f

aReaction conditions: polymer repeat unit = 1 mmol and EA = 2 mmol. °M,, and D were determined by GPC-
MALS-RI in CHCl;. ¢ Total monomer yield was determined by "H NMR spectroscopy using dibromomethane
as an internal standard. 4Substrates were pre-milled for 0.5 h at cryogenic temperatures before aminolysis (See
SI for details). ¢ Total monomer yield refers to the product from the 3-hydroxybutyrate unit only (Msyg). The
3-hydroxyhexanoate (3HH) product was not observed spectroscopically (See SI for details). f Total monomer
yield refers to both M3y and Myyp.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6py00436a

Page 7 of 19 Polymer Chemistry

Open Access Article. Published on 18 June 2026. Downloaded on 6/19/2026 11:52:29 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
DOI: 10.1039/D6PY00436A

Synthesis, photopolymerization, and characterization of lipoate materials

Inspired by recent developments in sustainable disulfide CANs,*34 we selected naturally sourced «-lipoic
acid (aLA) as an emblematic example for the synthesis of thermosets from our resultant monomers. Poly(lipoate)s
and their networks have gained significant popularity in recent years as photopolymerizable materials,*!
adhesives,’>>> and copolymer resins.’®>’ The 1,2-dithiolane moiety of alA is unique in that it enables
photopolymerization, reprocessability, and degradation back to monomer via an assortment of chemical or
thermal methods (Figure 2A).°® In addition to self-healing properties via dynamic backbone exchange, disulfides
can also undergo reductive exchange with small molecule thiols, opening up additional degradation pathways.
For example, when disulfides are engineered into the aliphatic polyester poly(butylene succinate), they enable an
additional biodegradation pathway via reductive switching; these results suggest potential degradation
mechanisms in marine sediment environments for other disulfide materials.>® In addition to the dynamic benefits
of disulfide bonds, formation of lipoates from alLA via esterification improves thermal stability and also
reintroduces labile ester groups for further depolymerization methods and potential biodegradation, as evidenced
by incorporation of low molar mass (ca. 3 kDa) to commercial, telechelic PLA-OH into compostable disulfide
CANSs (Figure 2B).** While this example provides evidence for the biodegradation of lipoate photopolymers, this
material cannot utilize post-consumer PLA which has unknown chain-ends and high molar masses. The PLA-OH
lipoate material is also limited in its tunability, providing access only to bislipoates and subsequently only stiff
networks. We therefore envisioned our diol monomers as a basis for soft and tunable circular-by-design
thermosets with potential applications in sustainable additive manufacturing from plastic waste.>> Our
depolymerization and repurposing workflow thus adds an orthogonal end of life to aliphatic polyesters as new
CANs while maintaining access to a library of chemical depolymerization, reprocessing, and degradation
strategies due to their disulfide (i.e., thiol exchange) ®® and ester bonds (i.e., environmental hydrolysis or microbial
degradation in the environment).6!-62

After the successful depolymerization of various polyesters, we turned our attention to repurposing the
diol monomers (M from PLA and My from PHBH) into alLA-based resins for photopolymerization inspired
by lipoate materials from Worch and Dove*3¢3 and Hawker, Choi, Read de Alaniz, and Bates,*-4%4% among many
others.33:364230 For ease of materials screening, we used commercially sourced My, (see Table S1 for cost
comparison) to synthesize resins consisting of both lipoate monomer (M 5Lp;, a mixture of mono-substitution of
the primary alcohol My ALp;.; and the secondary alcohol My sLp;,) and dimer (My,Lp,) via one-pot Steglich
esterification with aLA. Different monomer to dimer ratios were obtained by tuning the stoichiometry of alLA to
M| 5 in the esterifications (Figure 3A). Notably, previous methods of lipoate resin syntheses do not produce resins
with tunable amounts of crosslinker that are directly photopolymerizable, thereby allowing us to omit other
monomers/diluents necessary in other formulations. Additionally, some lipoate dimers can show a lack of stability
and require the aforementioned monomer/diluent to prevent gelation, thereby making synthesis and isolation
challenging.*?

After esterification, the resins (as a mixture of monomer and dimer) are readily polymerized under 405
nm light upon the addition of 1 mol% diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as a photointiator.
To understand the curing behavior of the disulfide resins, we conducted photorheology experiments at 405 nm, a
shear gap of 300 um and an intensity of 20 mW cm2. The photorheology experiments showed crossover of the
storage modulus and loss modulus (i.e., gel point) in 21-38 s for the Mpy 4 resins, which show promise for 3D
printing applications at higher intensities (40 mW c¢m™2) and smaller layers (ca. 5 um) (Table S6 and Figures
S65-S69). We first evaluated several materials derived from M 4 resins to understand the material properties as
a function of crosslinker loading. To validate the network structure, we estimated crosslink density (v.) using
classical rubber elasticity theory (i.e., v. = 3E’/RT, Table S8).5°> We found that that v, increases as the mol% of
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dimer increases, 20 mol% dimer gave a crosslink density of 93 mol/m? while 60 mol% dimer gave 911 mol/m?.We
also determined gel fractions for the materials; all My 5 formulations gave gel fractions of 94% or higher. DSC
analysis of a sample from each My 5 lipoate CAN formulation revealed that higher crosslinker loading positively
correlated with glass transition temperature (7, = 21 to —1 °C) (Figure 3B). Uniaxial tensile testing showed a
similar correlation, resulting in a range of mechanical properties for the soft M; 5 networks (Figure 3C). The
lowest crosslinker loading, 20 mol%, showed a Young’s modulus of 1.10 + 0.06 MPa and ultimate tensile strength
(UTS) 0 0.39 £ 0.02 MPa, while a higher crosslinker loading of 60 mol% resulted in a Young’s modulus of 8.73
+ 0.01 MPa and UTS of 2.18 + 0.24 MPa. Dynamic mechanical analysis (DMA) also confirmed that these
materials exhibit dynamic behavior at elevated temperatures (Figure 3D). Due to the presence of sufficient
disulfide bonds, stress relaxation experiments at 130 °C showed relaxation time, t*, increased with greater
amounts of crosslinker. Stress relaxation experiments of a single network at various temperatures also exhibited
Arrhenius behavior, typical of other disulfide CANs, resulting in an activation energy (£,) of 121.6 kJ/mol
(Figure S6).#7 While our materials also contain free hydroxyl groups, it is unlikely that transesterification
contributes to operative bond exchange without an appropriate catalyst. While there are no reports of uncatalyzed
transesterification in dual dynamic disulfide/ester networks,®® hyperbranched epoxy vitrimers have been reported
to undergo catalyst-free transesterification.®” Although excess free hydroxyls can lower the E, for stress

(A) a-Lipoic Acid as a Foundation for Plastics Circularity

polymerization

(Y% depolymerization M
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(B) Photopolymerizable Lipoate Thermosets
from Low MM PLA
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-compostable & chemically recyclable networks ACS Macro Lett. 2024

Fig. 2 (A) «-lipoic acid in thermoplastics and thermosets enables a circular plastics economy via thermal
depolymerization, exchange with small molecule thiols, and chemical depolymerization in addition to (B)
remaining biodegradable and chemically recyclable in disulfide/ester CANGs.
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relaxation, the hyperbranched structure was also found to play a crucial role in faster stress relaxation, therefore
we estimate the impact of transesterification at high temperature is minimal. Importantly, when we implemented
a combined mechanochemical PLA depolymerization and repurposing workflow (i.e., lipoate synthesis and
photopolymerization with M sourced from our mechanochemical PLA depolymerizations), disulfide CAN
properties of the depolymerized/repurposed PLA (rPLA) were consistent with those of commercially sourced
M| A-based materials (Table S7) and gave comparable estimated crosslink densities and gel fractions (Table S8).
We also evaluated lipoate network formation from a synthesized M3yp to investigate how backbone structure
could impact material properties relative to Mya-based CANs. The 89:11 mol% M;yglp;:Msyglp, material
demonstrated a lower 7, of —37 °C, a significantly lower stiffness (0.20 = 0.02 MPa), and a much higher
elongation at break of 88% relative to ca. 40% when compared to the M 4 photopolymers, as expected with a
lower crosslinker loading and longer aliphatic chain. All networks are thermally stable up to ca. 200 °C as shown
by thermogravimetric analysis (Figure S37). With the addition of the Msyg lipoate network, we were able to
access soft materials with a range of Young’s moduli that span almost an order of magnitude (Table S6). As
compared to commercial PLA and PHBH, the photocured lipoate materials are significantly softer, maintain
reprocessability (as demonstrated by their ability to stress relax), and can be chemically recyclable due to the
preservation of ester bonds. These materials are also well poised to undergo additional chemical recycling
strategies via disulfide exchange.®!-% Although this small selection of photopolymers exhibit a limited scope of
mechanical properties, our soft/flexible CANs with greater amounts of crosslinker (e.g., 40 mol% and 60 mol%)
do exhibit comparable UTS and elongation at break to some commercial additive manufacturing resins (Table
S9) and previously reported aLA 3D printed materials.*> We therefore envision these materials serving as
potential (bio)degradable and self-healable resins for the additive manufacturing of flexible parts. Notably, our
materials expand upon previous lipoate materials to make use of cheap and abundant plastic waste feedstocks,
thereby incorporating sustainability via circular-by-design materials.
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Fig. 3 (A) Reaction scheme depicting the synthesis and photopolymerization of lipoic acid-based disulfide
resins. (B) DSC curves, (C) representative stress vs. strain experiments from uniaxial tensile tests (5 mm/min
strain rate), and (D) stress relaxation experiments conducted at 130 °C of several M o-lipoate formulations.
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Mechanochemical aminolysis and repurposing of polyester multilayer film packaging

To ultimately demonstrate broad applicability of this process to complex polyester post-consumer waste,
we selected a multilayer laminated flexible film packaging (FP) substrate containing both PLA and PHBH (ca.
84 wt% polymers), along with significant amounts of proprietary additives/dyes (ca. 16 wt%), to showcase our
mechanochemical aminolysis workflow. Notably, multilayer film packaging can be too complex for effective
mechanical recycling and physical separation methods (i.e., solvent-targeted recovery and precipitation) require
large amounts of solvent to separate individual polymers and can be considered cost-prohibitive.5® Therefore, we
envision our mechanochemical process to quickly break apart the FP substrate for depolymerization and enable
subsequent separation of small molecule products from residual film material. Based on estimated amounts of
each polymer in the film (See SI for details), we obtain ca. 45% combined yield of My 4 and M3yg (Figure 4A).
We hypothesize that a lower yield results from the FP additives that “cushion” force impacts, as seen in other
mechanochemical reactions.®® Both structures were confirmed by NMR spectroscopy and mass spectrometry of
depolymerization reaction (Figures S13, S23, and S31). Scaling the reaction from 150 mg FP to 390 mg (65 mL
reaction jar, 32 x 10 mm milling balls, at 17.7 Hz) afforded similar results (39% yield) when milled under an inert
environment (N,) (Figure 4B). After esterification, the depolymerized film was repurposed to a lipoate resin with
a formulation of 50:50 mol% MxLp;:MxLp, (rFP), where x is LA and 3HB. Most notably, this formulation
contained lipoate monomer and dimer based upon both depolymerized PLA and PHBH to access a cured
thermosetting material with distinct properties from those of the individual materials alone (Figure 4C). Despite
a crosslinker loading of 50 mol%, after photopolymerization the rFP CAN shows a lower T, of -39 °C relative to
the other M ALp;:M ALp, materials (Table S6). We found that rFP has a v, of 202 mol/m? and a gel fraction of
99% (Table S8). The rFP lipoate network maintains mechanical properties most comparable to that of 60:40
mol% MpaLp;:MpaLlp,, as assessed by uniaxial tensile tests. Between the rFP and the 60:40 mol%
M aLp:MpsLp, materials, there is little difference in extensibility, with both breaking at ca. 35% strain. The rFP
is also less stiff (Young’s modulus of 2.40 + 0.03 vs. MPa 3.39 + 0.01 MPa) with a slightly lower UTS (0.82 +
0.04 MPa vs. 1.08 £ 0.03 MPa) than the 60:40 formulation. The initial FP material has markedly different
mechanical properties to its repurposed counterpart (Figure 4C). The rFP CAN also shows the ability to stress
relax, with t° = 670 s at 130 °C (Figure S63), suggesting this material can be reprocessed at high temperatures,
unlike the FP substrate which is challenging to mechanically recycle. Tensile tests show the FP has an elastic
modulus of 161 £ 19 MPa and UTS of 52 + 10 MPa, which are both ca. 50 times higher than that of the rFP
CAN; thus, demonstrating the metamorphosis of a stiff thermoplastic material to a soft and dynamic disulfide
CAN with a reinstalled polyester backbone for multiple potential degradation routes, such as disulfide reduction.

Degradation of lipoate networks

Alongside many previous examples demonstrating the chemical and/or thermal depolymerization of
lipoate photopolymers, we conducted reductive degradation of the 80:20 mol% My sLp;:MsLp; film (Figure SA
and Table S9) using a small molecule dithiol, D,L-dithiothreitol (DTT), which mimics low oxidation-reduction
potential (ORP) environments (i.e., marine sediment)’®? to induce thiol exchange for de-crosslinking (Figure
5B). After stirring in a 0.1 M solution of DTT in phosphate buffer solution (PBS) for six days, the lipoate network
is largely degraded to water soluble products, with only 39% mass remaining compared to >100% mass remaining
for our lipoate material in PBS only. The PLA/PHBH based film packaging material (FP) was also subjected to
reaction conditions as a negative control, as the ester linkages should not undergo significant depolymerization
with DTT. Under the reductive conditions, FP returned 96% of its initial mass after six days, suggesting our
lipoate material could undergo much faster degradation than the FP material in low ORP marine sediment-like
environments due to the presence of disulfide bonds in the CANS.
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Fig. 4 (A) Reaction scheme demonstrating the depolymerization of a mixed polyester multilayer flexible
packaging (FP) containing both PLA and PHBH with (B) images showing the 65 mL ball mill jars before and
after the 390 mg scale depolymerization of the FP substrate. (C) Representative stress vs. strain experiments
from uniaxial tensile tests comparing the mixed polyester film packaging (FP, image left) with the lipoate
CANs s from the repurposed FP (rFP, 50 mol% crosslinked, image right) and 60:40 mol% M sLp;:MpsLp; and
89:11 mol% M;pgLpi:M;pgLp, materials.

Conclusions

Ball mill grinding mechanochemistry allows for the mild (i.e., room temperature) and fast
depolymerization of polyesters, such as PLA, with no catalyst or solvent and limited excess reagents in yields up
to 87% of a diol monomer. PHBH was found to be more difficult to depolymerize due to retention of crystallinity
and viscoelastic properties under ball milling conditions, as evidenced by an improved monomer yield of 43%
for an amorphous PHA substrate. Additionally, we observed a competing elimination reaction under
mechanochemical aminolysis conditions for both PHAs. Ball mill grinding mechanochemistry specifically
improved depolymerization yields compared to those in solution of post-consumer substrates (e.g., PLA cup) by
inducing reaction on the surface of polymer particles, as evidence by kinetic data at short reaction times and
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Fig. 5 (A) Monomer and crosslinker structures in the lipoate CAN. (B) Reaction scheme depicting reduction
of the CAN’s disulfide bonds and crosslinks (top) and a bar graph (bottom) showing the percent mass
remaining of the 80:20 My s-based network and the FP substrate which contains no disulfide bonds after
stirring with DTT, and the 80:20 M 5-based CAN after stirring in only PBS for 6 days.

recovery of PLA substrates with higher surface areas. Using an esterification with «-lipoic acid, we accessed a
range of tunable disulfide CANs with low elastic moduli (0.20—8.73 MPa) and moderate elongation from My 4 or
M3y comparable to some previous lipoate materials and commercial flexible additive manufacturing resins. Our
mechano-aminolysis and repurposing framework can also be applied to a multilayer laminated film packaging
(FP) consisting of both PLA and PHBH. Lipoate materials from the FP substrate (rFP) resulted in a Young’s
modulus of 2.40 MPa, UTS of 0.82 MPa, and elongation of 39%, supplying a significantly softer and dynamic
material capable of reprocessing and multiple routes for chemical recycling as compared to the initial film
packaging. As an orthogonal method to chemical recycling, we demonstrated reductive degradation of the lipoate
networks in a low ORP environment, mimicking marine sediment. Under these conditions, a representative My -
based network lost 61% of its initial mass after only six days. We anticipate future scalability of force-driven
depolymerization to focus on mechanochemical tools already present in industry. Utilization of thermomechanical
processing (i.e., twin-screw extrusion)’!’? and/or larger milling equipment (i.e., planetary or drum mills),!” as
guided by proof-of-concept lab scale BMG'® and several recent kinematic models for mechanochemical
reactions,’3~7® present promising routes for the incorporation of mechanochemical depolymerization at scale. We
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also envision future application of mechanochemical aminolysis to other commercial relevant polyesters, such as
PET, which should be reactive under these mechanochemical conditions. Overall, these findings demonstrate the
broad utility of lab-scale ball mill grinding for operationally simple and sustainable depolymerizations of complex
polymer waste for repurposing to dynamic and degradable «-lipoic acid-derived soft networks.
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