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Abstract: The development of sustainable plastics from abundant renewable feedstocks has
been limited by the complexity and efficiency of their production as well as their lack of
competitive material properties. Here, we demonstrate the direct transformation of the
hemicellulosic fraction of non-edible biomass into a diester plastic precursor at 83% yield
(95% from commercial xylose) during integrated plant fractionation with glyoxylic acid. Melt
polycondensation of the resulting xylose-based diester with a range of aliphatic diols led to
high-molecular weight amorphous polyesters with combined high glass transition
temperatures, tough mechanical properties, and strong gas barriers, which could be processed
by injection-molding, thermoforming, and 3D-printing. These polyesters could then be

chemically recycled from mixed plastic waste streams or digested under biologically relevant
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conditions. The transformation’s simplicity led to projected costs that were competitive with
fossil alternatives and significantly reduced associated greenhouse gas emissions, especially if

glyoxylic acid was sourced from COz.

Introduction

Biodegradable and recyclable biomass-derived polymers could facilitate our economies’
decoupling from fossil resources and prevent the accumulation of plastics in the environment
(1). However, producing these plastics from biomass at costs that are competitive with their
fossil counterparts while achieving comparable material properties — namely similar thermal
stability, mechanical strength, processability, and compatibility — has proven challenging (2,
3). Currently, most commercial bioplastics rely on efficient microbial fermentation of sugars
(e.g., poly(lactic acid) [PLA], poly(hydroxyalkanoate)s [PHAs], poly(butylene succinate)
[PBS]). These industrial fermentations constrain monomer production to linear aliphatic
diacids, diols, and hydroxy acids, which has so far led to bioplastics with low glass transition
temperatures (Tg), poor ductility, or high gas permeability (4). When combined with high
production costs from renewable resources, the lack of well-rounded material properties has
made it difficult for bioplastics to compete with petroleum-based alternatives in a very

competitive industry.

Alternatively, chemical sugar transformations have been proposed to access molecules with
improved structure, notably rigid cyclic molecules that can increase Tgq and lower gas
permeability. Rigid diacids such as 2,5-furandicarboxylic acid (FDCA), or rigid diols such as
isosorbide (5) and acetalized sugar alcohols (6) can be polymerized to polymers with higher
Tg. However, all these examples involve multi-step reaction sequences that require solvents,
catalysts, or stoichiometric reagents. These steps increase production costs from sugars and

reduce the overall yield.



Currently, the sugars required for both fermentation and chemical processes are usually
extracted from edible biomass, but ideally would be produced by depolymerization of
lignocellulosic biomass’s structural carbohydrates. Cellulose and hemicellulose are more
abundant, can be grown on marginal lands, and their simple sugars are projected to be far less
expensive and more sustainable as compared to their edible counterparts (7, 8). However, their
industrial use has been limited by the high cost of their saccharification and subsequent
fermentation, and the lack of mature integrated lignocellulosic conversion processes that can
valorize the non-polysaccharide fractions of the plant, which notably include lignin (15-30
wt/wt% of lignocellulosic biomass). Promising bioplastics from non-carbohydrate plant
fractions such as plant oils (9) or lignin (10) are emerging, but they are inherently limited by
lower natural abundances — or, in the case of lignin, the lack of mature upgrading technologies

— which makes achieving cost-competitiveness even more challenging than with sugars.

Therefore, producing inexpensive sustainable bioplastics with attractive structural and end-of-
life properties will likely depend on developing simple and direct high-yielding routes from
abundant renewable resources. Largely retaining the carbohydrate heterocycle in the final
product structure could provide the required structural rigidity for both high T4 and strong
barrier properties, while at the same time ensuring high-atom economy and limiting the number
of reactions. Recently, we developed a strategy that uses aldehydes to stabilize reactive
intermediates during the fractionation of lignocellulosic biomass into an uncondensed, bench-
stable, acetal-stabilized lignin; highly-digestible, cellulose-rich solids; and acetal-stabilized
xyloses (11-13). Here, we show that by using aldehydes with a secondary functionality, we
can not only stabilize the hemicellulose-derived xylose and lignin, but also directly produce
fused, heterotricyclic, difunctional monomers with unique characteristics for bioplastic
production. Specifically, we demonstrate the use of a carboxylic acid-functionalized aldehyde

(glyoxylic acid) to produce a diacid precursor, diglyoxylic acid xylose (DGAX), and the



corresponding diester, dimethylglyoxylate xylose (DMGX), directly from both xylose and
lignocellulosic biomass at high yield using scalable processes (Fig. 1). Polymerizing DMGX
with a range of diols produced a family of polyesters, hereafter referred to as poly(alkylene
xylosediglyoxylates) (PAX), that are bio-based, degradable, and chemically recyclable with
combined high Tg, tough mechanical properties, strong gas barrier properties, and

straightforward processability.
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Fig. 1. Production of PAX polyesters directly from xylose or during integrated lignocellulosic biomass fractionation.
(A) Direct production of DGAX from xylose, esterification to DMGX, and polymerization to poly(alkylene
xylosediglyoxylate) (PAX). (B) Production of DMGX via aldehyde-assisted fractionation (AAF) of biomass followed by
esterification with methanol. Both glyoxylic acid-stabilized lignin and cellulose-rich solids are also produced during
fractionation and can be depolymerized to monomers. Glyoxylic acid prevents condensation of lignin and dehydration of
xylose. Yields listed in the figure represent maximum product yields for each fraction, and not yields from a unique process
(Fig. 2). As a benchmark for lignin yields (14), reductive catalytic fractionation of the same biomass resulted in a 56% yield
of lignin monomers based on Klason lignin (see Sl section S1.7.9 for explanation of Klason lignin, and table S7 for direct
hydrogenolysis data).



Results and Discussion
We have developed a one-pot, two-stage process for producing DMGX from commercial

xylose in > 95% overall yield (supplementary information, or SI, section S1.7.1 and fig. S1).
Xylose and an excess of glyoxylic acid are heated in a melt in the presence of sulfuric acid to
yield DGAX as a mixture of 4-stereocisomers (96% yield) at a concentration of 54 wt% in the
crude reaction mixture. DMGX is then produced by adding methanol under reflux (99% yield
with a crude concentration of 21 wt%) and purified by distillation and recrystallization (figs.
S2 and S3), or by direct precipitation from the reaction mixture (see Sl section S1.7.5 and fig.
S4). Single stereoisomers can also be partially chirally resolved by stepwise crystallization (see

Sl section S1.7.4).

To produce DMGX from lignocellulosic biomass, aldehyde-assisted fractionation (AAF) (11,
12) using glyoxylic acid is used to separate the biomass into its three principal components.
Specifically, birch wood was treated with glyoxylic acid and a strong acid (H2SO4 or HCI),
optionally in dioxane. After filtrating off the cellulose-rich solids and precipitating the
glyoxylic acid-stabilized lignin (fig. S5), DMGX was synthesized and purified from the
remaining liquor as described for commercial xylose (see Sl section S1.7.6-S1.7.8 and fig. S6,
A and B). Separately, the cellulose and lignin were depolymerized by enzymatic hydrolysis
and hydrogenolysis, respectively, to determine the monomer yields that can be produced from
these fractions (table S1-S2). We present three fractionation conditions: the first maximizes
yields of all three components (Fig. 2A, with detailed mass balances in fig. S7), the second
maximizes DMGX yields (Fig. 2B), and the third maximizes lignin monomers (Fig. 2C). These
strategies illustrate potential trade-offs, but also opportunities to incorporate PAX production
into an integrated biorefinery. The most favorable process would need to be selected for a
particular biorefinery depending on local variables including location, feedstock, and market

demand. Notably, producing DMGX directly from a biomass-derived liquor did not increase



the number of separation steps required to achieve a polymerizable product. This is noteworthy
because additional purification when using real plant-derived streams is often a major
contributor to increased costs, and associated greenhouse gas emissions, of bio-derived

products (15).

Though we used birch wood for the preliminary studies, certain abundant and inexpensive
agricultural wastes with high hemicellulose and low lignin content (e.g., corn cobs, with ~30%
hemicellulose) (16), would be ideal feedstocks for low-cost DMGX production. As a
demonstration, we were able to produce DMGX in a one pot process directly from raw corn
cobs (not dried or pre-extracted) that contained 28 wt% hemicellulose (30 wt % xylose when
hydrolyzed) at 83 % of theoretical yield (see Sl section S1.7.17). This translates to 26 wt% of
the non-edible waste biomass being directly incorporated into the DMGX plastic precursor. To
our knowledge, this is the highest reported yield of a polymer precursor produced directly from
lignocellulosic biomass. For comparison, and again, to our knowledge, synthesis of 5-
hydroxymethylfurfural (5-HMF), the precursor to FDCA, directly from biomass has only been
achieved in a ~50 % of theoretical yield from lignocellulosic biomass and at product
concentrations of around 1 wt% (17, 18). Utilization of waste biomass could provide a low
cost feedstock for DMGX production and could also ameliorate air quality and emissions
issues in countries where crop waste is routinely burned, as it cannot be efficiently valorized

(19).

When starting from either xylose or lignocellulosic biomass, the process is simple and scalable,
uses an inexpensive mineral acid as the catalyst, and does not necessarily require a solvent.
Glyoxylic acid is an inexpensive industrially available chemical (<$1-kg™, see Sl section
S2.1.3), which can be produced renewably either by oxidation of bio-derived ethylene glycol
or ethanol (20), or by electrochemical reduction of oxalic acid produced from CO2 (21, 22). A

technoeconomic analysis of the production of DMGX from commercial xylose (priced at



$1-kg?) estimated a minimum DMGX selling price of $1577 USD-t (see Sl section S2.1 and
fig. S8) —a scenario that likely represents an upper bound of production costs, given that sugars
from a biorefinery, or from agricultural residues, are projected to be significantly less
expensive than current commercial xylose (i.e. < $0.44-kg™) (23) . This price for DMGX is
comparable to the market price of terephthalic acid ($1445 USD-t) (24) and less than the

average market price of 80% lactic acid ($1800 USD-t%) (15).

A cradle-to-gate life cycle analysis (LCA) of the simulated plant revealed a greenhouse
warming potential (GWP) of 1.9 kg CO2 equivalent per kg DMGX, which is 34% lower than
the GWP of terephthalic acid, when using petroleum-based glyoxylic acid, xylose derived from
viscose production (a common current source), and natural gas for steam and power production
(see Sl section S2.2 for a detailed description of the LCA and fig. S28). In this case, 84% of
the calculated GWP of DMGX was associated with the production of glyoxylic acid. If
glyoxylic acid was instead sourced from CO2, which may soon be feasible as its precursor,
oxalic acid, is already being produced from captured CO: at pilot scale (25), DMGX
production was estimated to have 80% lower associated emissions as compared to terephthalic
acid (GWP of 0.4 kg COzequivalent per kg DMGX). This could be further reduced to 5 % of
terephthalic acid’s GWP if agricultural residues were used for heat production as opposed to

natural gas, which is typical in a biorefinery.
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Fig. 2. Sankey diagram of the fractionation of birch wood with glyoxylic acid and the subsequent depolymerization
and upgrading of the polysaccharide and lignin fractions. (A) Fractionation using sulfuric acid in dioxane (13 wt% birch
wood, 7 wt% glyoxylic acid, 3 wt% H2SO4, 3 wt% water, and 74 wt% dioxane at 60 °C for 48 h). (B) Fractionation using
sulfuric acid in neat glyoxylic acid (13 wt% birch wood, 68 wt% glyoxylic acid, 2 wt% H2SO4, 17 wt% water at 110 °C for 2
h 15 min). (C) Fractionation using hydrochloric acid in dioxane (13 wt% birch wood, 7 wt% glyoxylic acid, 1 wt% HCI, 4
wt% water, 75 wt% dioxane at 60 °C for 24 h). The weight percentages of the sugars, DMGX, furfural, hydroxymethylfurfural
(HMF), stabilized lignin, and lignin monomers have been corrected to match their constituent masses as part of the native
biomass. The arrow widths are proportional to the corresponding molar yields.



Xylose-derived DMGX (distilled 4-stereoisomer oil, see fig. S2 for full characterization) was
polymerized with a range of aliphatic diols (C2-Cs) via melt condensation to produce
amorphous polyesters (89-96% yield). AIll polymerizations were conducted via
transesterification of > 99 % pure (by GC, Sl section S.1.8.2) DMGX with excess diol and a
Lewis acid catalyst with a final reaction temperature of 190-200 °C and 0.1 mbar of pressure.
Reaction times slightly differed between diols but the decreased volatility of longer diols
seemed to be compensated by the decrease in melt viscosity of the polymerization (increased
mass transfer of the volatilized diol reaction byproduct). Likely due their high melt viscosities
within the 190-200 °C temperature range, we were unable to obtain high molecular weight
poly(ethylene xylosediglyoxylate) (PEX) and poly(propylene xylosediglyoxylate) (PPX). Both
PEX and PPX were disperse, brittle, and had number average molecular weights (Mn) of 4.2
kDa and 8.3 kDa, respectively (Fig. 3A). However, plastics synthesized from more flexible
diols (Cs4-Cs) yielded polymers of Mn ~45 kDa with good dispersities (~2.0) when using
commercially relevant zinc acetate and antimony trioxide catalysts. Polymerization was also
conducted with less toxic tin (I1) 2-ethylhexanoate (TEH) catalyst to produce plastics with
comparable properties and reaction times (see Sl section S1.7.16). To explore the effect of
molecular weight and stereochemistry on polymer properties, extra-high molecular weight
poly(pentylene xylosediglyoxylate) (HMW-PPTX, Mn= 62 kDa) and single DMGX
stereoisomer (see fig. S3 for complete characterization) poly(pentylene xylosediglyoxylate)
(1S-PPTX, Mn= 39 kDa) were also synthesized. Matrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy (MALDI-TOF-MS, fig. S9) and 2D heteronuclear single
quantum coherence spectroscopy (HSQC, fig. S10) confirmed that all of the intended polymer
structures were obtained with no evidence of polymerization by-products or acetal rupture. 1S-

PPTX was also synthesized using DMGX produced from birch wood to confirm that true



biomass-derived polymers could be synthesized without any substantial change in

characteristics (see Sl section S1.7.12 and fig. S6, C and D).

Polymer properties were unique compared to commercial bioplastics. Differential scanning
calorimetry (DSC) and dynamic mechanical analysis (DMA, fig. S11A) revealed a range of
glass transition temperatures (Tg) from 72 °C for the poly(hexylene xylosediglyoxylate) (PHX)
to 137 °C for PEX (Fig. 3B and table S3). The relatively high glass transition of these
polyesters compared to commercial bioplastics and even PET (80 to 85 °C, 65 to 75 °C, 55 to
65 °C, -50 to -32 °C, and 5 °C for poly(ethylene furanote) (PEF), PET, PLA, PBS, and
poly(hydroxybutyrate) (PHB), respectively) is attributed to the rigid DMGX monomer. Thin
cups made from PBX retain their mechanical strength when exposed to boiling water, whereas
cups made from PLA or PET will become soft and lose their form (fig. S14H). Neither DSC
nor X-ray diffraction (XRD) (fig. S12) showed evidence of crystalline phases in any of the
DMGX polyesters, even for the polymer made from a single stereoisomer (1S-PPTX). The
lack of crystallinity can be explained by the non-linear, non-planar, and asymmetric nature of
DMGX (see the crystal structure of an isomer in fig. S3D). These thermal characteristics
enabled the processing of the PHX, PPTX and poly(butylene xylosediglyoxylate) (PBX)
polymers by common industrial techniques such as compression-molding (Fig. 3G), vacuum-
forming (Fig. 3H), injection-molding (Fig. 31), or combined twin screw extrusion (fig. S14C)
and 3D-printing (Fig. 3J) at temperatures as low as 140 °C and up to a maximum of 200 °C
(for extrusion of PBX). These are well below the degradation onset temperatures (319-344 °C)
measured by thermogravimetric analysis (TGA) (fig. S11B). 'H-NMR and HSQC analysis of
the PBX polymer before and after twin-screw extrusion and subsequent 3D printing (both at
200 °C) revealed no evident change in chemical structure, or significant change in the number

of ester end groups, indicating that PAX polymers can withstand high temperature, high shear



processing without significant degradation or crosslinking (fig. S30). This stability under harsh

processing conditions could facilitate mechanical recycling of the polymer.

Tensile testing on compression-molded dog bones (table S3 and fig. S11D) revealed that PHX
and PPTX had high ultimate tensile strength and ductility — comparable to fossil-based
bisphenol A polycarbonate and PET (Fig. 3C). PBX showed greater strength, but significantly
reduced flexibility, making it more comparable to PEF and PLA. Both PEX and PPX were too
brittle for mechanical analysis. The 1S-PPTX polymer had slightly improved tensile strength
and rheological properties (fig. S13) compared to PPTX, even at lower Mn (39 kDa vs. 50
kDa). This improvement was likely due to a more ordered orientation of polymer chains.
However, other than increased melt viscosities, the mixed stereochemistry of the 4-isomer
PAX polymers, for the most part, did not result in inferior material properties that would hinder
their commercialization. Tensile testing of 1S-PPTX using dog bones prepared via injection
molding (without extruder screws) to avoid defects seen in the compression molded samples
(e.g., air bubbles, fig. S14E), revealed a significantly higher ultimate tensile strength.
Therefore, tensile strengths reported in this study may be underestimated and should be

interpreted with caution.

The measured oxygen transmission rates (OTR) of films of PHX, PPTX, and PBX were similar
to those of PET (26) with slightly higher water vapor transmission rates (WVTR) (Fig. 3D and
table S3) — potentially lending themselves to food packaging applications. The low oxygen
permeability of these amorphous polymers as compared to semi-crystalline, degradable
commercial bioplastics (PLA, PHB, PBS) likely results from the polar and barrier-like nature
of the rigid DMGX monomer which likely leads to decreased oxygen solubility and diffusion,
respectively. The slightly higher WVTRs, as compared to PET, likely result from the
hydrophilic nature of the DMGX monomer (greater water solubility), but they still demonstrate

< 50 % of the water permeability of PLA. Current commercial bioplastics — other than



emerging options such as poly(glycolic acid) (PGA), a bioplastic for which there is a lack of
inexpensive production routes (27); or PEF, which is non-biodegradable and involves a much
more complex production route from biomass — have had trouble addressing food packaging

requirements due to their generally poor gas barrier properties or poor ductility (28).

PAX polymers derived from the distilled 4-stereoisomer DMGX oil were yellow in color (fig.
S15), which is undesirable in many applications. Increasing the purity of the DMGX monomer
by recrystallization resulted in plastics that could be processed into fibers and films with
significantly reduced coloration (Fig. 3G and fig. S14A and B). Notably, the 4S-DMGX oil
could be directly recrystallized as a mixture of 4 isomers to remove colored impurities, or the
most abundant isomer could be first selectively crystallized out of the mixture, followed by
crystallization of the remaining isomers, using stepwise temperature recrystallization (see Sl
section S1.7.5). In thicker PAX samples, however, even the crystallized DMGX resulted in
slight yellow coloration when zinc acetate or dibutyltin oxide (DBTO) were used as catalysts
(Figure 3l). Fortunately, initial tests indicate that optimized catalyst and antioxidant
combinations can be used to dramatically reduce discoloring side reactions during
polycondensation while maintaining similar reaction times (see Sl section S1.7.16). Tin (I1) 2-
ethylhexanoate (TEH, 0.008 mol%) and triphenyl phosphite (TTP, 0.17 mol%) were used to
produce near-colorless and transparent PHX products (Fig. 3E, F, and H). DMA analysis of
the polymers produced using TEH reveal essentially identical thermomechanical properties,
except for a slightly superior glass transition by onset of storage modulus decay, as those

polymerized with the DBTO catalyst (fig. S27).
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Fig. 3. Properties of PAX polymers. (A) Molecular weight distributions. (B) DSC curves. (C) Elongation at break vs.
ultimate tensile strength for PAX and other commercial plastics (see table S4 for numerical values and references). (D) WVTR
(37.8 °C, 90% relative humidity, 100 um) vs. OTR (23 °C, 50% relative humidity, 1 bar, 100 pm) for PAX and other
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1S-PPTX using optimized catalyst (TEH) and antioxidant (TTP) combination. (G) Compression-molded film of 1S-PPTX
using DBTO as catalyst with no antioxidant with 500 pm thickness. (H) Packaging for USB key produced by vacuum-forming
of PHX (500 pum thickness) produced with optimized catalyst and antioxidant. (I) Injection molded dog bone using 1S-PPTX
polymer using DBTO as catalyst with no antioxidant. Ruler graduations are in centimeters. (J) 3D-printed cup using twin-
screw extruded PBX filament.



Chemical recycling of PAX from a mixed plastic waste-stream was demonstrated by
alcoholysis (Fig. 4A-C and SI section S1.7.13). Compression-molded PHX was fully
depolymerized and solvated from a mix of common plastics (polyamide, polyethylene,
polypropylene, polycarbonate, and PET) with a 96% recovery of DMGX by refluxing in acidic
methanol (25 mM H2SOg4) for 5h, without any evident contaminants from the non-PAX plastics
(fig. S16). After filtering off the residual plastics (fig. S14D), the DMGX and 1,6-hexanediol
were separated by liquid-liquid extraction and distilled to produce pure monomers in 82% and
74% vyields, respectively (see fig. S17, A and B for 2D-NMRs of the recycled monomers). The
reduced yields of purified DMGX result from separation losses at small scale in batch, and
would likely be substantially reduced in a large-scale, optimized, continuous process. PHX
was then re-synthesized using the recycled monomers. HSQC (fig. S17, C and D) and DMA
(Fig. 4C) revealed no significant change in chemical structure or thermomechanical properties
between the virgin and recycled polymers. The slightly lower Tg of the virgin PHX was
attributed to the removal of a polymerization antioxidant (Irganox 1010) during the chemical
recycling process, demonstrating that the presence of polymerization additives will likely not
hinder recyclability. Antioxidants were added to prevent small amounts of oxidation side
reactions that can often cause a yellow tint in the final polyesters (this is typically done in
industry). Low temperature methanolysis from a mixed plastic stream at atmospheric pressure
using standard separation techniques (extraction and distillation or crystallization) may make
industrial chemical recycling of PAX more economically feasible compared to the high

temperature and pressure operations required for petroleum-based plastics such as PET (29).
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Fig. 4. Chemical recycling and hydrolytic stability studies. (A) Process schematic for chemical recycling of PHX. Yield of
the recycled plastic is based on DMGX utilization. (B) DMGX recovery upon depolymerization of compression-molded PHX
via alcoholysis in methanol under reflux with 25 mM sulfuric acid. Error bars are standard errors (n=3). Image shows the
simulated mixed plastic waste stream used for chemical recycling demonstration. (C) DMA curves of virgin and chemically
recycled PHX. Tan delta curves are dashed lines. (D) Schematic of PHX hydrolysis. PHX hydrolyzed to DGAX and diol
monomers in the extended hydrolytic studies at room temperature and 37 °C. Further hydrolysis of DGAX to xylose and
glyoxylic acid occurred in the accelerated hydrolysis conditions (water at 100 °C). (E) Percent of initial number average
molecular weight as a function of incubation time of compression-molded PHX samples (initial M of 43 kDa) immersed in
buffered solutions at the indicated pH and temperature (R.T.= room temperature). (F) Mass retention of the plastic samples
measured after removal from buffered solutions, and thorough washing with DI water and drying. Solid lines were added to
guide the eye and do not represent a model.



As only 9% of plastic is currently recycled and 79% ends up in landfills or the environment
(1), the degradation of plastics in aqueous environments is an important feature of a material’s
sustainability (30). In this context, hydrolytic stability tests were performed on compression-
molded samples of PHX (fig. S15D) with an initial Mn of 43 kDa over the course of 180 days
under neutral and acidic conditions at room temperature, and under neutral conditions at 37 °C
(Fig. 4D-F). After 77 days at room temperature for both the pH 2 and pH 7 solutions, the Mn
declined to ~23 kDa (~55 % of the initial Mn), with no mass loss. DMA analysis of these
degraded samples revealed no significant change in thermomechanical properties compared to
the original polymer, other than a slightly reduced melt strength (fig. S18). Following the 77-
day timepoint, the plastics continued to hydrolyze and began to dissolve in the aqueous
solutions. After 173 days in the pH 2 water, the plastic was essentially fully dissolved (< 2%
of initial mass remaining), but in the pH 7 water, 47 wt/wt% of the plastic remained with a
reduced Mn of 4 kDa (9% of initial Mn). When the hydrolytic stability tests were performed at
an elevated temperature of 37 °C at pH 7, the Mn declined to 3 kDa (7% of initial Mn) with no
mass loss after 13 days, while after 20 days, the plastic was essentially fully dissolved (< 4%
of initial mass). The degraded plastic dissolved to a mixture of monomers (DGAX and 1,6-

hexanediol) and oligomers (as determined by HPLC analysis, fig. S31).

Hydrolytic stability tests of the PHX, PBX, and 1S-PHX polymers with identical starting
molecular weights (Mn ~20 kDa) at these conditions (pH 7, 37 °C) revealed that the PBX and
1S-PHX polymers demonstrated a 30 % and 90 % increase in hydrolytic stability (incubation
time with > 99% mass retention) as compared to the PHX polymer, respectively (fig. S29).
This indicates that the single isomer polymers could likely be used for products that require a
longer shelf-life in humid environments. For applications in which hydrolytic cleavage rates
need to be even further reduced, strategies including the use of anti-hydrolysis agents (e.g.,

aromatic carbodiimides) have already been demonstrated to significantly increase the



hydrolytic stability of degradable PLA and PGA, and could presumably be applied to PAX

(31, 32).

To gain insight into the long-term fate of the resulting DGAX in water, accelerated aqueous
depolymerization of PAX by boiling compression-molded PHX in deuterium oxide (D20)
revealed depolymerization to diacid (DGAX) and 1,6-hexanediol after 9 h and subsequent
partial hydrolysis of DGAX to glyoxylic acid and xylose beginning after 17 h and continuing
throughout the 120 h experiment (see Sl section S1.7.15 and figs. S19-S21). Though
standardized biodegradation and composting tests still need to be performed, these initial
results suggest that the long-term environmental fate of the polymer in the presence of water
is likely to be hydrolysis to xylose, glyoxylic acid, and diol — all of which are non-toxic and
biodegradable (33-36). This potential fate demonstrates that the preservation of the largely
unmodified carbohydrate core, in addition to greatly facilitating the polyester’s production and
ensuring high atom economy, leads to a natural degradation pathway back to sugars.
Materials and Methods

The methods for DMGX synthesis both from xylose and lignocellulosic biomass, as well as
their subsequent polymerizations to produce polyesters, are briefly described in the main text.
More detailed synthesis methods, material description and detailed analytical and material
characterization procedures are given in the supplementary information (SI).
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