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Biomimetic self-reinforcing recyclable
biomass-derived inherently-safe sustainable
materials

Rui-Zhi Wu, Xing-Liang Li , Huan-Sheng Cai, Ning Zhao, Fu-Gui Wang,
Ke-Rui Ye, Xiu-Li Wang, Yu-Zhong Wang & Teng Fu

Biomass-derived recyclable materials that can replace petrochemical-derived
plastics are highly sought for a sustainable future. However, incumbent
materials often face performance deterioration challenges owing to the aging
issues after use in the environment. Here, we present a self-reinforcing,
recyclable, unprecedented polyester material derived entirely from biomass
lignin and soybeans, mimicking the self-reinforcement mechanism of biolo-
gical systems. Ourmaterial leverages a [2 + 2]-cycloaddition reactionmediated
by aromatic π-conjugated vinylidene structures, enhancing performance
under ultraviolet light, hygrothermal conditions, and external electric fields.
Specifically, the tensile strength, elongation at break, and anti-ultraviolet
efficiency can be enhanced to 103MPa, 560%, and 73%, respectively, far sur-
passing those of known biomass-derived materials and engineered plastics.
Additionally, the material demonstrates outstanding insulativity, barrier
properties, flame retardancy, solvent resistance, and recyclability, meeting the
demands of sustainable green new energy material. Our strategy for this self-
reinforcing biomass recyclable material provides rich possibilities for design-
ing next-generation sustainable materials.

The development of sustainable materials is gaining momentum as
part of global efforts to reduce pollution and dependence on petro-
leumplastics, aiming toprovide eco-friendly alternatives andminimize
environmental impact1–3. Biomass-derived polymers have gained
attention for their environmental advantages, including lower carbon
footprints, sustainability, and the potential for tailored designs to
improve recyclability4–6. These attributes position biomass-derived
polymers as promising candidates for sustainable materials to address
the resource and environmental issues7. However, incumbent polymer
materials (polyethylene terephthalate8, polyolefins9, epoxy resin10,
etc.) degrade chemically or physically when exposed to ultraviolet
(UV) radiation11, external electric fields12, or hygrothermal
environments13, reducing their performance and lifespan. While addi-
tives like UV absorbers can enhance durability, they often compromise

mechanical properties and pose health and environmental hazards
due tomigration from the polymermatrix14–17. Additionally, the lack of
effective end-of-life solutions for these aging materials leads to sig-
nificant environmental concerns. Therefore, addressing the aging and
sustainability of these polymers remains a daunting issue18,19.

The human body provides a compelling model for addressing
aging20. While aging is an inevitable process for all biological organ-
isms, human biological systems employ advanced self-regulation
mechanisms to repair and renew cell tissues, where regular use trig-
gersmetabolic processes that rebuild and strengthen tissues, enabling
them tobecome strongerwith use, counteracting the effects of aging21.
As a result, people have long been fascinated by the anti-aging cap-
ability of biological systems.Mimicking the strategies of the biological
systems represents a feasibleway to develop sustainablematerials that
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are self-reinforced and resistant to aging22. By drawing inspiration from
cellular metabolic mechanisms in biological systems, it is possible to
design materials that can self-repair and resist aging through the
cleavage and reconfiguration of internal bonds, similar to the body’s
own response to wear and tear23.

We developed a self-reinforcing, biomass-derived sustainable
polyester material (PAOM) that combines exceptional performance
with chemical recyclability. This material demonstrates remarkable
performance enhancement behavior under UV radiation, external
electric fields, and hygrothermal environments by mimicking the
body’s anti-aging mechanisms (Fig. 1). Our findings hinge on the phy-
sical and chemical cross-linking network facilitated by a [2 + 2]-
cycloaddition reaction24 triggered under service conditions, driven by
the aromatic π-conjugated vinylidene structure of a hydroxyethylated
soy isoflavone monomer (DDF–OH)25. This innovative design allows
the material to resist the aging typically caused by environmental
factors (UV radiation, external electric fields, and hygrothermal
conditions)23, significantly enhancing its tensile strength (103MPa),
elongation at break (560%), and anti-UV efficiency (73%), showing
improvements of 61%, 201%, and 9%, respectively, far exceeding the
performance of existing biomass-derived materials and engineered
plastics. Additionally, PAOM exhibits superior barrier properties26,
flame retardancy, and solvent resistance compared to petrochemical-
basedmaterials,meeting the demands of sustainable energy solutions.
Its unique ester bond structure enables low-temperature depolymer-
ization, allowing for the recovery of polymerized monomers that can
be re-polymerized to create new-generation materials or high-
performance adhesives27–31, achieving a maximum adhesion strength
of 1.7MPa comparable to traditional strong adhesives. Our work on
self-reinforcing biomass-derived sustainable material, potentially
driving the rapid development of more environmentally friendly and
sustainable materials science.

Results
Biomimetic principle, fabrication, and structure
Biological systems exhibit remarkable self-reinforcing anabolic
mechanisms, enabling them to resist aging and maintain functionality
through cycles of tissue damage and reconstruction32. These
mechanisms served as the inspiration for the design and preparation
of the biomass-derived sustainable materials with similar properties33.
To emulate this process, we design a biomass-derived material that
incorporates self-reinforcement through a [2 + 2]-cycloaddition reac-
tion, facilitated by the aromatic π-conjugated vinylidene structures in

DDF–OH (Fig. S2A–D, Table S1). Subsequently, we utilize abundant
biomass feedstocks, including DDF–OH, dimethyl furan-2,5-dicarbox-
ylate (DMFD), and 1,4-butanediol (BDO)—to craft the material through
a simple melt polymerization process (PAOM-1 to PAOM-4 denote the
progressive increase in the content of DDF–OH, Fig. S6–S10, Table S2).
The resulting material (PAOM) demonstrates a self-reinforcing
mechanism akin to those in biological systems. Specifically, the
cycloaddition reactionof the double bonds inDDF–OH, alongwithπ-π
stacking interactions, mimics the tissue damage-and-reconstruction
process, ultimately enhancing the material’s overall perfor-
mance. (Fig. 1).

The π-π stacking interactions and reduction in free volume
introduced by the rigid DDF–OH are pivotal to achieving the high-
performance biomass-derived sustainable materials. Our X-ray dif-
fractometer (XRD) analysis confirms the π-π stacking interactions
within DDF–OH (Fig. 2A), with diffraction peaks at 2θ angles of 29.6°
and 33.2°, corresponding to d-values of 0.32 nm and 0.28 nm,
respectively, typical of aromatic π-π stacking distances34. By facilitat-
ing these interactions, DDF–OH reduces the free volume in PAOM,
forming a physically cross-linked network that increases chain seg-
ment friction, enhances molecular dynamic volume, and promotes
tighter molecular packing. This network strengthens intermolecular
forces, improving thematerial’s rigidity and overall performance35. We
corroborated our theoretical insights from correlation analyses using
low-field nuclear magnetic resonance (NMR) measurements, melt
rheology characterization, dynamic thermomechanical analysis
(DMA), positron annihilation lifetime spectrum (PALS), and molecular
dynamics simulation (MD). Low-field NMR measurements unveil a
decrease in relaxation time to 0.08ms with the introduction of
DDF–OH (Fig. 2B, C). Simultaneously, melt rheology tests reveal an
increase in complex viscosity (η), storage (G′), loss (G′′), and zero shear
viscosity (η0) as DDF–OH content increases (Figs. 2D–G, S11). DMA
confirms a promotion in tensile storagemoduluswith higher DDF–OH,
indicating enhanced chain segment friction and molecular dynamic
volume. (Fig. 2H) PALS further characterizes the free volume, showing
a decrease in the corresponding o-Ps (I3, according to the free volume
theory; detail equations can be found in the supplementary informa-
tion and Table S5) and the fractional free volume (FFV) from 10.49% to
9.65% and 0.99% to 0.89%, respectively, with increasing DDF–OH
content. Subsequently, the π-π stacking interaction and the free
volume (FV) of PAOM are calculated by MD. The distance between the
two benzene rings in DDF is 3.53Å, consistent with the typical π-π
stacking distance, confirming the presence of π-π interactions
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Fig. 1 | Schematic illustration of biomimetic strategies. Schematic illustration of biomimetic strategies for self-reinforcing recyclable biomass-derived materials.
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Fig. 2 | Structural characterization of PAOM. A XRD pattern of PAOM. B, C Low-
fieldNMRcurves and transverse relaxation time (T2) distribution curves, the shaded
area in the figure represents the trend of the parameter variation with increasing
incorporation level.D–G Frequency-dependent curves ofG’,G”, η, η0 for PAOM, the
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molecular chain models of the material.
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(Fig. 2I)34. The simulations also reveal a decrease in FV from 38.45% to
36.64%, driven by increased chain stiffness and tighter molecular
packing (Fig. 2K–L). This reduction in free volume significantly
improves the mechanical and functional properties of PAOM.

Multifunction of PAOM
The π-π stacking interactions formed by rigid DDF–OH units, com-
bined with the resulting small free volume, impart PAOM with excep-
tional multifunctionality in terms of crystallinity, heat resistance,
mechanical strength, barrier properties, solvent resistance, and flame
retardancy. We examine the crystallization and thermal stability
through differential scanning calorimetry (DSC), XRD, and thermo-
gravimetric analysis (TGA). TGA tests reveal the resulting polymers are
thermally stable, with high decomposition temperatures at 5% weight
loss (Td5 = 348 °C to 355 °C), maximum decomposition temperatures
(Tmax = 385 °C to 389 °C), and the residual mass (R700 = 5.5% to 10.9%)
(Fig. S12, Table S3). Increasing DDF–OH content results in a slight
decrease in crystallinity (21.4% to 18.1%), while the glass transition
temperatures (Tg) rise from 45 °C to 55 °C (Fig. S13, 14, Table S3).
Meanwhile, the optical properties also vary with DDF–OH content. As
its proportion increases, the optical transparency of the films decrea-
ses slightly from 88.3% to 82.9%, accompanied by an increase in haze
values from 9.4% to 22.4% (Fig. S15).

Mechanical properties, barrier performance, solvent resistance,
and flame retardancy are critical for sustainable materials. Achieving
multiple excellent properties simultaneously is challenging, yet our
PAOM materials stand out in this regard because the physical cross-
linking network createdby theπ-π stacking interaction enhances chain
entanglement and molecular rigidity. Our stress-strain analyses reveal
significant improvements in strength and toughness (Fig. 3A– C,
Table S6), with young’smodulus (E) and tensile strength (σ) increasing
by 28% and 12%, respectively, as DDF–OH content rises (E = 975.5MPa
(PAOM-1) to 1091.0MPa (PAOM-4); σ = 50.0MPa (PAOM-1) to
64.0MPa (PAOM-4)). Furthermore, all samples also demonstrate
excellent extensibility, with the tunable strain at break (εb) ranging
from 186.3% to 386.3%. Notably, PAOM-1 and PAOM-2 exhibit strains
exceeding 360.0%, comparable to commercial PI36 and surpassing
many engineering plastics (Table S6)37–44. Our gas manometric tech-
nique depicts the excellent barrier performance of the PAOM
(Fig. 3D–F)45. CO2, O2 and H2O permeability coefficients unveil a
decreasing (1.81 × 10−5 to 1.23 × 10−5 barrer, 2.46 × 10−5 to 1.30 × 10−5

barrer, and 1.51 × 10−14 to 1.30 × 10−14 g·cm/(cm2 s Pa), respectively) as
the content of DDF–OH increases, attributing to reduced free volume
and tighter molecular packing from π-π interactions. These results
show that the PAOM films offer superior barrier performance com-
pared to many biomass-based and engineering plastics (Fig. 3G),
supporting their suitability for green energy systems and potential
broader engineering applications (Table S7)46–50. The polyesters also
demonstrate excellent solvent resistance, maintaining their shape and
weight after immersion in various organic solvents for seven days
(Figs. 3H, S16, 17 and Table S8). Regarding the fire safety of the PAOM,
it boasts a substantial limiting PHRR and THR of 544.6–460.3W/g and
19.1–16.9 kJ/g, unveiling a 15.5% and 11.5% reduction in PHRR and THR
as DDF–OH content increases, signifying its incapability to sustain
continuous combustion under typical conditions (Fig. 3I, J). This is
attributed to char formation facilitated, which limits oxygen exposure
and inhibits sustained combustion51, providing excellent flame-
retardant properties. The multifunctionality of PAOM polyesters—
combining thermal stability, mechanical strength, barrier perfor-
mance, solvent resistance, and flame retardancy—makes them ideal
candidates for green energy systems. Their durability and safety fea-
tures also position them as promising candidates for broader engi-
neering applications, ensuring long service life under challenging
environmental conditions.

Insulation properties of PAOM
Building on their excellent mechanical strength, barrier performance,
and flame retardancy, we explore the potential of PAOM in green
power applications, particularly for its insulation properties. Hopping
conduction is identified as the dominant charge transport mechanism
in dielectric materials, which is influenced by localized states or
“traps”. These traps, which enhance the material’s insulating cap-
abilities, arise from the differences in molecular orbital (LUMO,
HOMO) energy levels (Φe, ΔE) between neighboring molecular chain
segments52, as depicted in Fig. 4A53,54. Our density functional theory
(DFT) calculations confirm that introducing the DDF–OH structure
(Fig. 4B) significantly alters the π-conjugated system in structural unit
B (containingDDF–OHand FDCAunits). Compared to structural unit A
(containing FDCA and BDO units, HOMO: −7.28 eV, LUMO: −2.47 eV),
unit B exhibits a higher HOMO energy level (−6.23 eV) and a lower
LUMO energy level (−2.69 eV), resulting in an electron trap depth (φe)
of 0.22 eV and a lower HOMO-LUMOenergy gap (ΔE: 3.51 eV vs. 4.81 eV
for unit A). These characteristics restrict electron movement, thereby
enhancing the insulating properties of PAOM. We further corroborate
our theoretical insights from correlation analyses using space charge
tests (Fig. S18)55. During the polarization process, charges are injected
into the polymer from both the positive and negative electrodes via
Fowler–Nordheim tunneling, a field-induced injectionmechanism that
dominates under high electric field conditions, with both the charge
density and electric field strength increasing over time. The intro-
duction of DDF–OH reduces chargemigration and accumulation. After
15min of polarization, the electric field strength of PAOM-4 (8.0 kV/
mm) is 69.6% of that of PAOM-1 (11.5 kV/mm). After 30min, a negative
charge concentration region forms within PAOM, and the charge
density differencebetween regions decreaseswith increasingDDF–OH
content (Fig. 3E). This indicates more traps in PAOM-4, further
obstructing charge migration. During depolarization, the trapped
charges gradually migrate to the surface. Even after 30minutes,
PAOM-4 maintains a higher internal charge concentration (1.22 C/m3)
than materials with lower DDF–OH content (Fig. 3F), indicating
reduced charge mobility and higher resistivity. The increased trap
density also inhibits secondary impact ionization, enhancing break-
down strength and preventing material degradation56. Consequently,
the surface resistivity and breakdown strength of PAOM improve with
higher DDF–OH content. PAOM-4 achieves a surface resistivity of
3.91 × 1013 Ω/cm and a breakdown strength of 67.56 kV/mm, repre-
senting a 1600% increase in resistivity and a 51% increase in breakdown
strength compared to PAOM-1 (Fig. 4G, H). These results underscore
the suitability of bio-based PAOM materials for sustainable green
power systems.

Sustainability of PAOM: self-reinforcing and closed-loop
recycling
Conventional materials often age under external environments like UV
radiation, hygrothermal conditions, and electric fields, leading to
safety hazards and significant waste disposal challenges, rendering
them unsuitable for sustainable development. In contrast, PAOM
offers remarkable sustainability across its entire lifecycle, originating
from renewable biomass lignin and soybeans, and featuring self-
reinforcing capabilities during use with recyclability after disposal, an
ideal sustainable material. A key innovation of PAOM is the incor-
poration of the biomass-derived DDF–OH monomer, whose aromatic
π-conjugated vinylidene structure draws inspiration from biological
self-reinforcement mechanisms. The cycloaddition reactions and π-π
stacking interactions in PAOM enhance its mechanical properties and
provideUV resistance (Figs. 5A, S19).OurDFTcalculations confirmthat
theDDF–OHcycloaddition creates a stableπ-conjugated systemwith a
four-membered ring (Fig. 5B). This structure lowers the unoccupied
molecular orbital (LUMO) energy level to -1.81 eV and narrows the
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HOMO-LUMO energy gap (ΔE: 4.11 eV) compared to DDF–OH (LUMO:
−1.63 eV, ΔE: 4.25 eV), improving material stability. These changes
result in PAOM’s enhanced UV resistance, mechanical properties, and
durability under external environmental conditions. PAOM efficiently
blocks UV-B rays (280–320 nm) and filters 67% of UV-A rays
(320–400nm), outperforming widely used power materials like
polyethylene57 and polyethylene terephthalate58, which allow more
than 80% UV transmission (Fig. 5C). Tests with a digital UV light meter

reveal that PAOM films can reduce UV intensity by up to 96.9%
(10.23mWcm-2 without the film, 3.84–0.32mWcm−2 after covering
with the PAOM film, Fig. 5D). Remarkably, after three hours of intense
UV irradiation—equivalent to 51 years of natural sunlight at a UV index
of 8 (the annual average UV index in Chengdu, China, is 7 to 959,
Fig. S11; detailed calculations are provided in the supplementary
materials)—PAOM exhibits significant improvements in UV resistance
and mechanical properties. Its transparency increases by up to 12%
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from 76–83%, and UV-A shielding efficiency increases by 9–14%,
reaching up to 73% (Fig. 5E, F). Additionally, tensile strength rises from
57MPa to 88MPa, while elongation at break increases from 425% to
629%, reflecting substantial gains in both strength and flexibility
(Figs. 3D–H, S20). Regarding the self-reinforcing performance of
PAOM in a hygrothermal environment (60 °C, 99% RH for 100h,
Fig. 3I), it maintains impressive mechanical properties, with tensile
strength increasing by 39–63%, reaching values from 68MPa to
103MPa. Similar to the changes in mechanical properties under a
hygrothermal environment, materials with higher DDF–OH content
retain their tensile strength under high voltage (10 kV for 30min),
reaching up to 72MPa, a 13% increase (Fig. 3J). However,materials with
lower DDF–OH content (2.5–5mol%) are insufficient to counteract
voltage-induced degradation, resulting in lower tensile strengths
(20–52MPa). Despite slight reductions in elongation at break under
electricfield or hygrothermal conditions, PAOMcontinues tomeet the
required performance standards for practical use (Fig. S21). These
enhancements in durability and self-reinforcing properties stem from
PAOM, the formation of “locked” interchain crosslinks through
cycloaddition reactions and π-π interactions, leading to better UV
resistance and mechanical strength, far surpassing those of known
biomass-derived materials and engineered plastics35,37–44,60–62. This
makes PAOM an ideal, long-lasting, sustainable material, especially for
green power systems.

After completing its service life, waste PAOM offers promising
recycling and upcycling options that significantly enhance its
sustainability63–68. PAOM’s ester-functionalized polymer backbones
enable effective recycling through cosolvolysis. The polyester PAOM
canbe completely depolymerized into its originalmonomers via a low-
temperature (90 °C) chemical recycling process. Using a co-solvent
system (EtOH/BDO) and a cost-effective NaOH catalyst, we achieve a
high purity and high yield (83%) of DDF–OH (rDDF–OH), which
appears as a light-yellow precipitate. (1H NMR, Figs. S22, 23). Further
treatment with HCl yields recycled FDCA (rFDCA), a white precipitate
with a purity of 99.0% and a yield of 91.0%. This rFDCA is then methyl-
esterified to obtain recycled DMFD (rDMFD) with a purity exceeding
99.0%, as confirmed by FTIR, 1H NMR, 13C NMR, and LC analysis
(Figs. S24–29). The residual solution is distilled at 80 °C to remove
EtOH, and vacuum distilled at 140 °C to recover recycled BDO (rBDO)
with a purity of 99.8%, surpassing standard BDO purity (Figs. S30–32).

We propose two sustainable pathways for reusing these mono-
mers: repolymerization and upcycling. The first involves repolymer-
izing rDDF–OH, rDMFD, and rBDO into the second generation of
polyester, rPAOM-4. Structural analyses by 1H NMR confirm the suc-
cessful synthesis of rPAOM-4 (Fig. S33), which exhibits mechanical
properties nearly identical to the original PAOM-4 (Fig. 6H, I). Struc-
tural analysis by ¹HNMRconfirms the successful synthesis of rPAOM-4
(Fig. S23), which exhibits mechanical properties nearly identical to the
original PAOM-4, with a tensile strength retention of 96.9% and an
elongation at break retention of 92.5% (Figs. 6H, I, S34, 35). The second
pathway focuses onupcycling recoveredmonomers intopolyurethane
(up-PU) adhesives. Using biomass-derived rDDF–OH, rFDCA, polylac-
tide diol, 2-ethyl-2-(hydroxymethyl)-1,3-propanediol (TMP), and iso-
phorone diisocyanate (IPDI), we synthesize up-PU, with its structure
confirmed by FTIR (Figs. S4, 6J, K). Mechanical testing reveals a tensile
strength of 66.2MPa (Fig. S36), while adhesive tests. show bonding
strengths of 0.98MPa to stainless steel and 1.69MPa to polyamide,
comparable to commercial petroleum-based EVA (Fig. 6L)69. PAOM’s
raw materials, derived entirely from renewable biomass resources,
eliminate dependence on fossil fuels. Its excellent mechanical, barrier,
flame-retardant, and self-reinforcing properties ensure durability in
outdoor applications as a polymer material. Recycling PAOM into
polyester and upcycling it into biomass adhesives addresses waste
disposal challenges while enabling high-value applications, supporting
the sustainable development of polymer materials.

Discussion
We have developed a biomimetic strategy that mimics biological sys-
tems to develop sustainable polyester materials with resistant aging
and self-reinforcement of performance under typical outdoor usage
environments. This biomass polyester is prepared by condensation
copolymerization of DDF–OH, DMFD, and BDO. The π-π stacking
interactions and the “locked” interchain crosslinking from a [2 + 2]-
cycloaddition reactionmediated by aromatic π-conjugated vinylidene
structures provide these materials with exceptional UV resistance,
mechanical strength, and performance under UV radiation, hygro-
thermal conditions, and electric fields. The UV-A shielding efficiency
can increase by up to 14%, shielding 73% of UV-A.More notably, tensile
strength and elongation at break are significantly enhanced by 61% and
100%, respectively—reaching 103MPa and 629%. These improvements
highlight the material’s remarkable self-reinforcement capabilities.
Crucially, our materials are entirely derived from renewable resources
and also boast high insulativity, barrier properties, flame retardancy,
solvent resistance, and recyclability. The biomass monomers can be
fully recycled into polyesters through repolymerization or upcycled to
produce biomass adhesives with superior bonding properties. This
self-reinforcing, recyclable biomass material represents an important
step in the development of sustainable materials.

Methods
Chemicals and materials
A list of all chemicals andmaterials can be found in the supplementary
Information section 1.1.

Synthesis of monomers, synthesis and recycling of polyesters
All reaction processes can be found in the supplementary Information
sections 1.2–1.3.

Characterization
The chemical structure of the PAOM, rFDCA, rDMFD, and rBDO were
characterized using 1H NMR and 13C NMR spectroscopy. The 1H NMR
and 13C NMR spectra were recorded on a Bruker AC-P 400MHz NMR
instrument and a MesoMR23-060H-I instrument (Shanghai, China).
Deuterated trifluoroacetic acid (TFA) was used as the solvent for the
copolyesters, while DMSO-d6 and D2O were used for the monomers.

Low-field nuclear magnetic resonance (LF-NMR) spectra were
recorded using a VTMR20-010V-I in situ variable temperature NMR
analyzer.

The FT-IR spectra were obtained using a Nicolet
6700 spectrometer.

The intrinsic viscosity [η] of the PAOM was determined using a
Ubbelohde viscometer. All samples were dissolved in a 50/50 (v/v)
phenol/1,1,2,2-tetrachloroethane solution at 25 °C. The intrinsic visc-
osity of the polyesters was calculated according to Eq. (1).

½η�= ½2ft=t0 � lnðt=t0Þ � 1g�12
c

ð1Þ

c is the solution concentration, t is the flow time of the solution, and t0
is the flow time of the solvent. The reported values are the average of
three measurements.

The Restrained Electrostatic Potential (RSEP) charges for all
molecules were fitted using theMultiwfn software, and the top file was
obtained using the Sobtop software. The initial molecular simulation
files were generated using Packmol software, with the number of
molecules set according to the specified ratios. Molecular dynamics
simulations were performed using Gromacs 5.03 software, employing
the OPLS-AA (Optimized Potentials for Liquid Simulations All-Atom)
force field. Energy minimization was first carried out, followed by NPT
ensemble simulation at 300K using the Berendsen pressure coupling
method to achieve system equilibration. The time step was set to
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dt = 2 fs, with a total simulation time of 2 ns, and outputs were recor-
ded every 1 ps. The Parrinello-Rahman pressure coupling method was
then applied for an additional 2 ns NPT simulation. The temperature
was then rampedup to450K for a 5 nsNPT simulation, and after that, a
10 ns NPT simulation was performed at 300K to achieve system
equilibrium. Finally, the v-rescale temperature coupling method was
used for a 20 nsNVTensemble simulation for production analysis,with
all the figures obtained using VMD software.

Dynamic rheological tests were conducted using a Discovery HR-
30 rheometer equipped with a 25mm diameter parallel-plate geo-
metry. Dynamic oscillatory shear measurements were performed
across a frequency range of 0.01 to 100Hz at 190 °C, under a strain of
1%, with a gap size of 1000μm.

Differential scanning calorimetry (DSC) curves were acquired
using a NETZSCHDSC 214 instrument. 5mg of each sample was placed
in alumina crucibles and scanned from 10 to 270 °C at a heating rate of
5 °C/min.

Thermogravimetric analysis (TGA) was performed using a
NETZSCH TG 209 F1 thermogravimetric analyzer in a nitrogen atmo-
sphere. Samples weighing 3–5mgwere heated from40 °C to 700 °C at
a rate of 10 °C/min.

The crystallinity of the copolyesterswas characterized usingwide-
angle X-ray scattering (WAXS) on a Panalytical X’Pert MPD Pro dif-
fractometer. The instrument utilized copper Kα1 radiation
(λ = 1.5406Å) and was equipped with an X’Celerator detector. The
samples were scanned over a 2θ angle range of 5 ° to 45 °.

Positron annihilation lifetime spectroscopy (PALS) tests were
conducted using a Finder1000 PALS system (model PLS-System). The
positron source had a time resolution of 0.23 ns, and two small disks
measuring 25mm×25mm× 1mm were placed between the 22Na
positron source. The positron lifetime was determined by measuring
the time delay between the emission of one of the birth gammas
(1.28MeV) and the detection of the resulting 0.511MeV annihilation
photons.

The breakdown field strength of polyesters and copolyesters was
assessed using a DDJ-50KV instrument, with the applied voltage
ramped at a rate of 1 kV/s. The surface resistivity of the copolyesters
was measured using an ST2742B instrument.

The micro combustion calorimetry (MCC) of the materials was
evaluated using an FAA-PCFC instrument.

The mechanical properties of the copolyesters were evaluated
using an Instron Universal Testing Machine (model 5567) at a cross-
head speed of 5mm/min at room temperature. Three specimens were
tested for each sample, and the average result was reported.

The barrier properties to O₂ and CO₂ were analyzed using a
manometric method with a Labthink VAC-V2 permeance testing
device. The polyesters were prepared as circular disks with a thickness
of 0.5mm and a diameter of 50mm. The gas permeability coefficient
was recorded continuously until a stable permeability rate was
achieved.

The UV-shielding properties of the copolyesters were evaluated
using a Cary Eclipse spectrometer (Agilent, USA) at room temperature,
across a wavelength range of 200–800 nm.

The hygrothermal aging test was conducted by placing the
copolyester in a constant temperature and humidity chamber (ZH-TH-
800) at 60 °C and 99% relative humidity for 100h, followed by testing
its mechanical properties.

The water absorption test was performed by placing the copo-
lyester in a constant temperature and humidity chamber (ZH-TH-800)
at room temperature (25 °C) and 99% relative humidity for 24 h, and
then measuring the change in mass.

Space charge testing was conducted using a Japan-made Fivelab
Peanuts instrument, with polarization for 30min followed by depo-
larization for 30min.

The purity of rFDCA, rDMFD, and rBDO was determined using
liquid chromatography (LC) with a Finnigan TSQ Quantum mass spec
trometer. The recycled liquid was analyzed using gas chromatography
(GC) with an Agilent 7890B instrument, employing methanol as the
solvent.

The solvent resistance of the copolyester films was assessed by
immersing the samples in various solvents, including deionized water
(H₂O), ethanol (EtOH), acetone (ACE), dimethyl sulfoxide (DMSO),
methanol (MeOH), 5wt% aqueous sodium hydroxide (NaOH), N,
N-dimethylformamide (DMF), and tetrahydrofuran (THF), for 7 days at
room temperature andpressure. The physical and chemical changes in
the samples were then compared before and after exposure to these
solvents.

Data availability
Source Data are provided with this paper. All other data are available
from the corresponding author upon request. Source data are pro-
vided with this paper.
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