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Upcycling waste PET into functional multiblock
copolymers through controlled macromolecular
design
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Poly(ethylene terephthalate) (PET) oligomers derived from glycolysis depolymerization were converted
into multiblock copolymers through diisocyanate-mediated coupling with dihydroxy-terminated oligomers,
enabling precise control over copolymer sequence distribution, connectivity, and mechanical performance.
Here, we demonstrate that telechelic PET oligomers isolated directly from depolymerized consumer waste can
serve as reactive building blocks for the formation of segmented multiblock copolymers, eliminating the need
to revert to monomeric feedstocks. Dihydroxy-terminated PET oligomers (M., ~ 8 kg mol™) were coupled with
poly(ethylene oxide) (PEQ, M, ~ 4 kg mol™) to form PET-PEO multiblock copolymers with high molar mass
(My, ~ 160 kg mol™). We further show that the timing of end-capping reactions provides a key control para-
meter that governs the competition between chain extension and termination, thereby dictating the resulting
multiblock architecture and molecular-weight evolution. Evaluation of their mechanical properties reveals that
virgin PET exhibits high modulus (~3 GPa) and strength (43 MPa) but limited ductility (<10% elongation). In con-
trast, PET—PEO muiltiblock copolymers retain comparable tensile strength (44 MPa), albeit while exhibiting dra-
matically enhanced ductility (>90% elongation), forming tougher materials with efficient stress transfer between
the rigid PET domains and the flexible PEO segments. When incorporated into PET/PEO blends at low loadings,
the multiblock copolymers serve as effective compatibilizers, yielding materials with an intermediate modulus
(1.1-1.2 GPa) and improved elongation compared to uncompatibilized blends. Furthermore, the presence of
PEO blocks increases water uptake and gas permeability relative to virgin PET, reflecting the tunability of mole-
cular transport through the copolymeric blocks. To our knowledge, this represents the first report of PET-PEO
multiblock copolymers derived from post-consumer PET for gas transport applications. These results demon-
strate that multiblock copolymer formation from telechelic PET oligomers provides a versatile platform for tai-
loring the mechanical and transport behavior of polyester-based materials through controlled macromolecular
design and establishes a generalizable strategy for transforming consumer plastic waste into functional seg-
mented polymers without requiring complete depolymerization to monomers.

1. This work advances green chemistry forward by developing a method to upcycle PET waste into functional multiblock copolymers through the interception
of telechelic oligomers, eliminating the need for complete depolymerization into monomers and allows direct conversion of waste into architecturally con-

trolled materials.

2. Depolymerized PET is transformed into high-molecular-weight (M,, ~ 160 kg mol™") multiblock copolymers that feature improved ductility (>90% elonga-

tion) and adjustable gas transport properties. The end-capping time is used as a control parameter to tailor polymer architecture from waste-derived

intermediates.

3. Future efforts will focus on PET textile waste to tackle dye-contaminated streams, replace diisocyanates with more environmentally friendly coupling chem-

istries, and incorporate both blocks from recycled feedstocks to create fully waste-derived multiblock materials.

Introduction
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Global plastic production has increased exponentially since
the mid-20th century, exceeding 400 million metric tons
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annually and projected to approach 900 million metric tons
per year within the next three decades.'™® Despite advances in
waste management, an estimated 10-15 million metric tons of
plastic enter the environment each year, driven by improper
disposal, runoff, and industrial discharge.”** The persistence
of plastics has resulted in widespread ecological impacts,
including the accumulation of micro- and nanoplastics across
marine and terrestrial ecosystems.’'> Without substantial
intervention, both plastic production and environmental
leakage are expected to increase markedly by mid-century.””**
These challenges underscore the urgent need for strategies
that not only recycle plastics but also enable their transform-
ation into higher-value materials.

The limitations of current polymer recycling strategies
exacerbate this challenge. Mechanical recycling, while economi-
cally attractive, often results in polymer degradation, downcy-
cling, and variable material properties due to contamination
and processing history.""**" It is also imperfect at sorting, and
incompatibility between polymers results in brittle, macro-
phase-separated blends with weak interfaces, limiting their use-
fulness in most applications.'®?° Energy recovery approaches,
including incineration and pyrolysis, permanently remove
material from the circular economy and generate greenhouse
gas emissions.”>° Chemical recycling enables depolymeriza-
tion into monomers or oligomers; however, industrial processes
such as PET glycolysis remain challenged by slow kinetics, cyclic
oligomer formation, and higher costs relative to virgin
materials.”"*™"” Consequently, less than 10% of all plastics pro-
duced to date are recycled, while the majority are landfilled or
incinerated.>* Importantly, most chemical recycling strategies
focus on recovering monomeric species, which limits the ability
to directly access advanced polymer architectures from waste-
derived intermediates.

Poly(ethylene terephthalate) (PET), one of the most widely
produced commodity polymers, has emerged as a key target
for advanced recycling strategies. Our group previously demon-
strated that PET oligomers obtained from glycolysis undergo
solid-state polymerization (SSP), wherein hydroxyl end groups
react with ester linkages along the polymer backbone to
increase molar mass.>® This process preferentially extends
higher-molecular-weight chains, resulting in larger increases
in weight-average molar mass (M,,) than in number-average
molar mass (M,), consistent with trends observed during con-
ventional PET polycondensation.'>*® While effective for molar
mass recovery, such approaches remain limited to closed-loop
recycling. Thus, new strategies are needed to move beyond
molar mass restoration and toward the creation of new
polymer architectures from PET-derived intermediates.

In contrast, chemical upcycling seeks to transform waste
polymers into new materials with tailored or enhanced func-
tionality, rather than regenerating the original polymer.*'
Recent studies demonstrate that PET-derived monomers and
oligomers can serve as versatile building blocks for poly-
urethanes, epoxy networks, and functional copolymers,
enabling diversification of properties and value enhancement
beyond the constraints of closed-loop recycling.>'™** These
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advances leverage improved catalyst design and process
control to repurpose polymer-derived carbon into higher-per-
formance materials. In parallel, emerging work on covalent
adaptable networks (CANs) highlights how dynamic covalent
linkages and oligomeric building blocks can be leveraged to
create recyclable, value-added polymer networks, suggesting a
promising framework for similarly converting PET-derived oli-
gomers into high-performance materials.*®*” However, these
approaches typically rely on fully depolymerized monomers or
broadly distributed oligomer mixtures, and do not exploit iso-
lated, well-defined telechelic intermediates as controllable
macromolecular building blocks.

A particularly promising strategy within this framework is
the interception of depolymerization intermediates as telechelic
macromers, enabling their incorporation into new polymer
architectures as feedstocks. Building on our prior isolation of
dihydroxy-terminated PET oligomers directly from glycolysis,>**®
we propose that these telechelic oligomers can serve as program-
mable building blocks for the synthesis of segmented multi-
block copolymers without requiring conversion back to mono-
meric species. To our knowledge, the use of waste-derived PET
telechelic oligomers as controlled precursors for the formation
of multiblock copolymers has not been previously demon-
strated. The present work explores both repolymerization and
upcycling of PET telechelic oligomers into novel multiblock
copolymers via diisocyanate coupling. Using PET-derived oligo-
mers and monomers as feedstocks, we synthesize new polymer
architectures and evaluate their mechanical properties, water
swelling behavior, and permeation characteristics. This
approach establishes a direct pathway from consumer waste to
architecturally controlled polymer systems.

In this work, we report a strategy for converting depolymer-
ized PET into PET-PEO multiblock copolymers through hexa-
methylene diisocyanate (HDI)-mediated end-capping and sub-
sequent polyether incorporation. We hypothesize that the
timing of the end-capping step governs the competition
between chain extension and termination, providing a key
control parameter over multiblock architecture formation.
Rather than prescribing a fixed block sequence, we demon-
strate that the effective PET-PEO architecture arises from the
duration of the end-capping step, which governs the extent of
intermolecular coupling before PEO incorporation. This archi-
tectural variability has profound consequences for phase be-
havior, mechanical response, water uptake, and gas transport
properties. While segmented poly(ether-ester) systems such as
PBT-PEO have been widely studied for gas separation mem-
branes, PET-PEO multiblock systems—particularly those
derived from post-consumer waste—remain unexplored. By
comparing these multiblock materials with virgin PET, repoly-
merized PET (rPET), phase-separated PET/PEO blends, and lit-
erature poly(ether-ester) membranes, we establish end-
capping time as a powerful, experimentally accessible handle
for tuning the performance of upcycled PET-based materials.
More broadly, this work demonstrates how consumer PET
waste can be transformed into functional, membrane-relevant
materials without reverting to monomer feedstocks.

This journal is © The Royal Society of Chemistry 2026
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Methods

Materials preparation

PET was sourced from commercial soda bottles, which were
washed and cut into squares (8 mm x 5 mm x 0.3 mm). 1,5,7-
Triazabicyclo[4.4.0]dec-5-ene (98.0+%, TCI America™), metha-
nesulfonic Acid (99%), ethylene glycol, (99.8%, anhydrous,
AcroSeal™, Thermo Scientific Chemicals), tetrahydrofuran
(THF), bis(2-hydroxyethyl) terephthalate (85.0+%, TCI
America™), 1,1,2,2-tetrachloroethane (TCE), methanol, 20 mL
vials, 100 mL round bottom flasks, 12.7 x 8 mm stir bars, and
12 x 4.5 mm stir bars were sourced from Fischer Scientific.
Hexamethylene diisocyanate and 4 kg mol™" polyethylene
oxide (PEO) were sourced from Sigma-Aldrich (formerly
Millipore Sigma). All chemicals were used as received.

BHET polymerization via excess diisocyanate coupling

A 50 mL round-bottom flask was charged with dihydroxy-
capped bis(2-hydroxyethyl) terephthalate (BHET)(1 g), a stir
bar, and then sealed with a septum. The round-bottom flask
was flushed with N, gas, and then 10 mL of tetrachloroethane
(TCE) was added. The vessel was placed in a 130 °C oil bath on
a 250 RPM stir plate to allow the BHET to dissolve in the TCE.
Once the BHET was fully dissolved, 1,6-diisocyanatohexane
(HDI) was added in a 1:1 molar ratio of isocyanate to hydroxyl
end groups (HDI/PEO), as shown in Scheme 1. Aliquots were
taken at 0.25, 0.5, 1, and 2 h, respectively. After stirring for
18 h, the reaction was quenched and precipitated with a
250 mL mixture of 1:10 isopropyl alcohol (IPA):hexane. IPA
was utilized to terminate the reaction to react with any residual
isocyanate groups.

PEO repolymerization via excess diisocyanate coupling

A 50 mL round-bottom flask was charged with dihydroxy-
capped polyethylene oxide (PEO, 1 g, 4 kg mol™* M, 1.06 P), a
stir bar, and then sealed with a septum. The round-bottom
flask was flushed with N, gas, and then 10 mL of TCE was

1,6-diisocyanatohexane

0 0 .~ O
OH OCN/\/\/\/NCO n
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bis(2-hydroxyethyl) terephthalate
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added. The vessel was placed in an oil bath at 130 °C on a 250
RPM stir plate to allow the PEO to dissolve in the TCE. Once
the PEO was fully dissolved, HDI was added in a 1:1 molar
ratio of isocyanate to hydroxyl end groups (HDI/PEO), as
shown in Scheme 2. Aliquots were taken at 0.25, 0.5, 1, and
2 h, respectively. After stirring for a total of 24 h, the reaction
was quenched and precipitated with a 250 mL mixture of 1: 10
isopropyl alcohol (IPA):hexane. IPA was utilized to terminate
the reaction by reacting with any residual isocyanate groups.

PET repolymerization via diisocyanate coupling

A 50 mL round-bottom flask was charged with dihydroxy-
capped (1.7 hydroxyl groups per chain on average) polyethylene
terephthalate (PET, 1 g, 28 kDa M,) and a stir bar, and then
sealed with a septum. The round-bottom flask was flushed
with N, gas, and then 10 mL of TCE was added. The vessel was
placed in a 140 °C oil bath on a 250 RPM stir plate to allow the
PET to dissolve in the TCE. Once the PET was fully dissolved,
HDI was added in a 1:1 or 2:1 molar ratio of isocyanate to
hydroxyl end groups (HDI/PEO), as shown in Scheme S5. After
the reaction ran for 24 hours, it was quenched with a 250 mL
mixture of 1:10 isopropyl alcohol (IPA):hexane. PET is in-
soluble in hexane, allowing for the polymer to precipitate. IPA
was utilized to terminate the reaction by reacting with any
residual isocyanate groups.

Multiblock copolymer (MBCP) PET-PEO: 10 min end-capping

Prior to HDI-mediated coupling, the depolymerized PET oligo-
mers were purified to remove residual TBD : MSA catalyst and
ethylene glycol. The solid glycolysis product was dissolved in
HFIP and precipitated into methanol, collected, and dried;
this HFIP/MeOH dissolution-precipitation protocol
repeated three times. These repeated precipitations remove
low-molecular-weight species, including the TBD:MSA salt
and residual EG, yielding a purified telechelic PET oligomer
fraction that was used as the feedstock for subsequent PET-
PEO multiblock synthesis.

was

Scheme 1 Polymerization of bis(2-hydroxyethyl) terephthalate (BHET) oligomer with 1,6-diisocyanatohexane (HDI).

OON"~"~~-NCO

TCE, 130 °C, N,
18 hours

Scheme 2 Polymerization of polyethylene oxide (PEO) oligomer with 1,6-diisocyanatohexane (HDI).

This journal is © The Royal Society of Chemistry 2026
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A 50 mL round-bottom flask was charged with dihydroxy-
capped PET oligomers (1 g, M,, = 5.5 kg mol™", P = 1.88) and a
stir bar, and then sealed w1th a septum. The round-bottom
flask was flushed with N, gas, and then 10 mL of TCE was
added. The vessel was placed in a 140 °C oil bath on a 250
RPM stir plate to allow the PET to dissolve in the TCE. Once
the PET was fully dissolved, the oil bath temperature was
decreased to 130 °C, and HDI was added in a 2.05:1 molar
ratio of isocyanate to hydroxyl end groups (HDI/PET), as
shown in Scheme 3. The coupling reactions were conducted at
130 °C, which we identified as the lowest temperature at which
PET oligomers remain fully dissolved in TCE and the reaction
mixture stays homogeneous over the required timescales.
Because lower temperatures lead to PET precipitation and
heterogeneous mixtures, the reaction temperature was held
fixed at 130 °C, and the end-capping time was systematically
varied as the primary parameter controlling multiblock archi-
tecture (see methods section of SI).

A 10 wt% mixture of PEO (4 kg mol™", 1.06 D) in TCE
flushed with N, gas was made. Once the diisocyanate coupling
reaction of PET had run for 10 min, PEO dissolved in TCE was
added in a 1:1 molar ratio of PEO hydroxyl groups to PET
hydroxyl groups, as shown in Scheme 4. After the reaction ran
for a total of 22 h, the reaction was quenched and precipitated
with a 250 mL mixture of 1:10 isopropyl alcohol
(IPA) : hexane. For PET-PEO multiblock synthesis, PET oligo-
mers, HDI, and PEO were reacted in a single pot without isolat-
ing the PET-HDI intermediate. HDI was added in a
2.05:1 molar ratio relative to PET hydroxyl groups to provide
sufficient isocyanate functionality to end-cap both PET chain
ends, to allow subsequent coupling to PEO. After the desired
total reaction time, the PET-HDI and PEO reaction mixture
was quenched with isopropanol (IPA) to react with any residual
isocyanate groups, thereby terminating chain growth and pre-
venting further formation of PEO-HDI species.

View Article Online
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Size exclusion chromatography (SEC)

Size-exclusion chromatography was used to analyze the mole-
cular-weight characteristics of depolymerization and repolymeri-
zation products over time. The GPC analyses for PEO and BHET-
PEO were carried out using a THF-based Gel Permeation
Chromatograph/Size Exclusion Chromatograph (GPC/SEC). The
system employed a Tosoh EcoSEC GPC with a refractive index
(RI) detector, calibrated to polystyrene standards from 600 Da to
2230 kg mol™". The column setup included two Tosoh TSKgel
SuperMultiporeHZ-M columns (4.6 x 150 mm and 4 m) and a
guard column. Samples were run at 0.35 mL min~" and analyzed
at 40 °C. Prior to analysis, samples were dissolved overnight in
THF at 1.5 mg mL ", filtered through a 0.2 um PTFE filter, and
loaded into the autosampler. For PET and PET-PEO, GPC ana-
lyses were performed in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
using a GPC/SEC system. Samples were dissolved in HFIP for five
days, filtered into an autosampler vial, and analyzed on an
Agilent 1260 Infinity II LC with a Guard column (PL Gel 5 pm, 50
x 4.6 mm) and two PL HFIP gel columns (250 x 4.6 mm, 9 pm).
The mobile phase was HFIP at 0.3 mL min~". Calibration used
an Agilent EasiVial PMMA standard containing four molar
masses. Detection involved a differential RI detector and a multi-
angle light scattering detector at 90° and 15°. Molar masses (M,
and M,,) and dispersity (P = M,/M,) were calculated based on
system calibration, assuming full mass elution from columns,
using the Agilent GPC/SEC software.

Intrinsic viscosity molar mass, M,

The viscosity average molar mass of the depolymerization pro-
ducts is monitored using a Schott instrument
Kapillarviskosimetr 531-10. In this experiment, the PET
samples (90-100 mg) were dissolved in HFIP (15 mL) for five
days before their intrinsic viscosity (IV) was measured. The
samples were equilibrated in the viscometer at 25 °C for

(o]
[?\J'/L o ~~_}OH OCN ANANNANCO
l
A~AJO0 TCE, 130°C, N,
HO T »n 22 hours

o

Scheme 3 Polymerization of polyethylene terephthalate (PET) with 1,6-diisocyanatohexane (HDI).
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Scheme 4 End-capping of PET oligomer with 1,6-diisocyanatohexane (HDI) and then polymerization of PEO oligomer with diisocyanate-PET

macromonomer.
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5 minutes before the viscosity was measured. The concentration
dependence of the flow times of the PET solution through the
viscometer was measured in quadruplicate at each concen-
tration. After four trial times were gathered, the sample was
diluted, equilibrated, and run again to obtain the concentration
dependence of the flow times. The reduced and inherent viscos-
ities of the PET solutions at each concentration were determined
from the measured flow times using eqn (1)-(5). Intrinsic vis-
cosity was determined by finding the y-intercept of the plots of
reduced and inherent viscosity as a function of concentration.
The viscosity average molar mass (M,) of the PET was then deter-
mined using the Mark Houwink equation (eqn (6)) with k and «
values, 0.00052 dL g~" and 0.695, respectively.**>
Relative viscosity

Npe] = % (1)
Specific viscosity
t—t
ngp = TO = Nl — 1 (2)
Reduced viscosity
t—ty ngp
Mo = e ~ ¢ ®)
Inherent viscosity
™ In(n
Ngp = In% = ( ( rd)) (4)
c
Intrinsic viscosity
. (n . (In(n
i = tim("2) = i () ®
Mark-Houwink
n = kMy (6)

Differential scanning calorimetry (DSC)

The Differential Scanning Calorimetry (DSC) Q200 curves of
the depolymerization product (3-7 mg) were measured in a
Hermetic aluminum pan. In the DSC run, the sample was
equilibrated at 50 °C before being heated to 280 °C for
Polyethylene Terephthalate (PET) with a ramp of 10 °C min™".
PET was heated to 280 °C as literature has shown PET melts at
260 °C.>"*? This ramp rate was chosen to inhibit recrystalliza-
tion during scanning.’® Enthalpies of melting of the PET
samples were determined by measuring the heat flow associ-
ated with the melting of PET from the first cycle.>* The percent
crystallinity of each sample was calculated by dividing the
enthalpy of the melting of a PET sample by the enthalpy of
100% crystalline PET (140 J g~').>®

Small and wide-angle X-ray scattering (SAXS/WAXS)

The small and wide-angle X-ray scattering of the samples were
obtained using a Xenocs Xeuss 3.0 X-ray scattering instrument.

This journal is © The Royal Society of Chemistry 2026
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These data were collected using a copper source and a
PILATUS3 detector. The sample to detector distance of 0.9 m
provided small angle data, while a sample to detector distance
of 0.045 m provided wide angle data. The obtained scattering
data is corrected for sample thickness and sample holder scat-
tering and then reduced to an absolute scale by normalizing
the data to the transmitted beam intensity.

Film casting & tensile testing

Films for mechanical testing were made from virgin PET, PET-
PEO MBCP, and a compatibilized blend of 80:20 PET:PEO
with 1 wt% PET-PEO MBCP. A sample (0.5 g) was dissolved in
~3 mL of HFIP. Excess HFIP was removed by rotary evaporation,
yielding a viscous solution. The solution was poured onto a
level, clean glass sheet. A film of the concentrated sample solu-
tion was formed by using the BYK Film Applicator (bar-shaped
Article No. 5302 Double Bar) to create films from a bar gap clear-
ance of 10 mm. This film was covered with aluminum foil to
prevent particulates from sticking to its surface as it dried. After
fully air-drying, the sheet was removed from the glass and dried
in a vacuum oven at 70 °C for 8 h. The sheets were then cut into
dog bones using a Carver Model C Laboratory Press and a sharp
dog bone mold. The mechanical properties of the materials
were tested using an Instron 5965.

Water swelling

Dog bones made from virgin PET, PET-PEO MBCP, and a com-
patibilized blend of 80:20 PET:PEO with 1 wt% PET-PEO
MBCP were used for water swelling experiments. A 10 mg
sample was added to 10 mL of water in a vial and placed on an
orbital shaker to agitate for varying durations (days). At certain
times, the dog-bone sample was removed from the water,
dabbed onto filter paper, and weighed. Once the sample is
weighed, the dog bone sample is placed back in the water and
on the orbital shaker for further measurements at a later time.
The percentage of water in the sample was calculated using
eqn (7) by comparing the initial weight (W;) to the sample
weight at a specific time (W,).

W =W

%oSwellyater = x 100 (7)

i

Permeation experiments

Membrane preparation. Polymers were cast into membranes
via solution casting from 3 wt% polymer solutions in HFIP.
For example, polymer (0.1 g) and HFIP (2 mL) were combined
in a vial containing a magnetic stir bar and stirred until fully
dissolved. The resulting polymer solution was filtered through
a 0.45 pm PTFE syringe filter into a 6.5 cm diameter glass dish
with a cellophane bottom. The dishes were covered with alumi-
num foil to enable slow solvent evaporation over 48-72 h. The
free-standing membranes were then removed from their
casting dishes and used as prepared for all subsequent testing.

Permeation analysis. Polymer membrane samples were
placed over a 1.2 cm-diameter hole in a brass sample holder
disk. The edges of each sample were then glued to the brass

Green Chem.
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disk using an epoxy resin and cured for 2 h. Excess polymer
extending beyond the epoxy ring was trimmed, and the sample
was mounted in the permeation testing device. Pure gas flux
was measured with a constant-volume, variable-pressure per-
meation system, wherein flux data were used to calculate per-
meability coefficients according to eqn (8).

Val

dry) (4R,
PART [\ dt /o \ dt ) jear

The downstream volumes (V4) were measured using sequen-
tial Burnett expansions with He gas, as reported in the litera-
ture.>® Membrane thicknesses (I) were measured directly using
a Mitutoyo 293-832-30 digital micrometer and ranged from 80
to 150 pm. Upstream pressure (P,) was recorded as a time-
weighted average during steady-state flux measurements. The
effective membrane surface area (A) was determined using the
open-source image analysis software Image], based on images
captured with an Epson Perfection V19 flatbed scanner. The
gas constant is defined as R = 0.278 [em Hg cm®] [em®(STP) K],
and temperature (T) was measured with an analog alcohol
thermometer mounted directly outside the permeation cell.”®

Permeability =

(8)
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Results & discussion
Model HDI-mediated polymerization or end-capping?

To determine whether excess diisocyanate ultimately produces
permanently end-capped oligomers or whether further coup-
ling occurs at longer times, we first examined the HDI-
mediated polymerization of BHET and dihydroxy-terminated
PEO as chemically well-defined model systems (Fig. 1a).
Establishing this behavior in simple, controlled systems is
essential for later achieving predictable control over HDI-
mediated PET-PEO copolymerization. Polymerizations were
conducted at equimolar (OH:NCO = 1:1) and excess isocya-
nate (OH:NCO = 1:2) ratios to contrast conditions typically
associated with chain extension versus end-capping.
Polymerizations of BHET-PEO multiblock copolymers
(MBCPs) were also examined as a model system. Fig. S2 and S3
show the FTIR spectra of repolymerized PEO (rPEO) and
BHET-PEO polymers prepared via diisocyanate coupling, high-
lighting the disappearance of the isocyanate band as the
urethane group forms. Fig. S4 and S5 show the 'H NMR
spectra of BHET, PEO, and BHET-PEO copolymers, and the
DOSY NMR spectrum of BHET-PEO, to demonstrate the con-

Repolymerization

/socyanate
a) 1:1 OH:NCO end group
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/\ 1 / New {Jrethane
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1:2 OH:NCO Long time w End-Capping?
b) 0 s e Q9 = 0 c) Polyethylene Oxide H H
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(@) Proposed mechanism: OH:NCO = 1:1 leads to telechelic oligomer chain extension, whereas OH:NCO = 1:2 initially produces end-

capped telechelic oligomers; we test whether these species remain end-capped or later couple. (b) BHET polymerization scheme with HDI. (c) PEO
polymerization scheme with HDI. (d) Percent change in %M,, for BHET and PEO under OH: NCO = 1:1 (light blue/red) and 1: 2 (blue/red). () PET
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nectivity of the new MBCP formed. Fig. 1b and ¢ summarizes
the HDI-mediated coupling schemes for BHET and PEO, and
Fig. 1e shows the analogous scheme for PET oligomer
polymerization with HDI. Fig. S6 shows the molar mass evol-
ution of repolymerized BHET (rBHET) (equimolar and excess
isocyanate), rPEO (equimolar and excess isocyanate), and
BHET-PEO copolymer (equimolar) as a function of reaction
time as determined by GPC.

Fig. 1d quantifies the time- and stoichiometry-dependent
evolution of molar mass in the BHET and PEO model systems.
For both BHET and PEO, polymerizations conducted ata 1:1
equimolar OH : NCO ratio, as shown in Fig. S6, exhibited the
expected increase in number- and weight-average molar
masses (M, and M,,) with reaction time, consistent with step-
growth urethane formation. More importantly for our central
question, reactions performed with excess isocyanate
(OH:NCO = 1:2), conditions often assumed to yield solely
end-capped, growth-arrested oligomers, also showed substan-
tial increases in M,, over time (Fig. S6). To directly compare the
extent of growth, Fig. 1d displays the percent change in M,
over time for BHET with equimolar (1:1, light blue) and
excess isocyanate (1:2, blue), as well as for dihydroxy PEO
with equimolar (1:1, light red) and excess isocyanate (1:2,
red) relative to hydroxyl end groups. When normalized to the
initial molar mass, both BHET and PEO systems exhibit con-
tinuous increases in %M, with reaction time, reaching several-
hundred-percent increases at extended times. Rather than pla-
teauing at a fixed oligomer size, even the nominally “end-
capping” 1:2 conditions support ongoing coupling events.
These results demonstrate that excess HDI does not simply ter-
minate growth but can sustain continued chain extension and/
or oligomer-oligomer coupling over long times, challenging
the assumption that 1:2 conditions produce permanently
end-capped, growth-arrested species.

These results indicate that HDI-mediated coupling remains
active at this high temperature (130 °C), likely due to second-
ary reactions involving residual hydroxyl groups, urethane
exchange,” > or isocyanate-terminated chain-chain coup-
ling.®° At this temperature, equilibrium strongly favors mono-
meric HDI over uretdione formation (dimerization of two
-NCO groups), indicating that urethane exchange and
hydroxyl-mediated reactions are more likely contributors to the
observed coupling behavior than persistent isocyanate-isocya-
nate coupling.®’ We emphasize that our assignment of
ongoing oligomer-oligomer coupling under 1:2 OH:NCO
conditions is based on time-resolved molecular-weight evol-
ution in BHET, PEO, and dPET oligomeric models (Fig. 1e and
f). While these experiments strongly support the presence of
secondary coupling pathways such as urethane exchange and
reactions of residual hydroxyl groups with isocyanate-termi-
nated species, a definitive discrimination among individual
side reactions would require targeted small-molecule end-
group models, which we identify as an important avenue for
future mechanistic work.

Importantly, the persistence of molar mass growth under
excess isocyanate conditions demonstrates that extended reac-
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tion times can promote unintended oligomer-oligomer coup-
ling rather than simple end-functionalization. Even with equi-
molar ratio of OH : NCO, prolonged reaction times are needed
to reach a polymer of significant molar mass. We ascribe this
behavior to the aliphatic chain in HDI acting as an electron-
donating group and lowering the reactivity of the isocyanate,
and the slower reaction rate of the second isocyanate within
the diisocyanate with a hydroxyl group relative to rate of the
first isocyanate reacting with a hydroxyl group.®*

Building on these model studies, BHET and PEO were sub-
sequently polymerized together using HDI at a 1:1 OH:NCO
ratio to generate a BHET-PEO multiblock copolymer. GPC ana-
lysis (Fig. Séc) reveals a monotonic increase in M,, and M, with
reaction time, accompanied by a stabilization of dispersity (D)
after the initial stages of polymerization, consistent with step-
growth block copolymer formation between aromatic BHET-
derived segments and flexible PEO chains. Taken together, the
BHET and PEO model systems demonstrate that HDI-mediated
coupling reactions remain Kkinetically active over extended
timescales, even under conditions typically associated with
end-capping. These findings directly inform the subsequent
synthesis of PET-PEO multiblock copolymers from recycled
PET oligomers, where controlling end-capping time is critical
to suppress PET-PET coupling prior to PEO incorporation.

Fig. 1f extends this mechanistic picture from the well-
defined diol models to a realistic depolymerized PET (dPET)
feedstock, where control over end-capping is critical for sub-
sequent block copolymer formation. Unlike the model diols,
dPET obtained via glycolysis is chemically heterogeneous, with
a distribution of chain lengths and multiple hydroxyl function-
alities per chain.?® PET oligomers generated by glycolysis were
therefore first characterized with respect to molar mass and
average hydroxyl content per chain. As summarized in
Table S1, dPET trial 1 exhibits an M, of ~28 kg mol™, b of
1.73, and an average of 1.71 hydroxyl end groups per chain.
Repolymerization reactions were then carried out with dPET
and HDI at 1:1 and 1:2 OH:NCO ratios to form repolymer-
ized PET (rPET). Fig. S7 shows the 'H NMR spectra of dPET
trial 1 and rPET at both stoichiometries, confirming the dis-
appearance of hydroxyl end-group signals in rPET relative to
dPET. The rPET samples shown in Fig. S7 were prepared as
model repolymerization systems to probe molecular-weight
growth under 1:1 and 1:2 OH:NCO conditions. After 24 h,
these reactions were terminated by the addition of isopropanol
(IPA), which reacts with residual isocyanate groups to form
urethane-linked isopropoxy end groups. The resulting rPET
materials were not used as precursors for multiblock copoly-
merization; they serve solely to demonstrate the ability of HDI
to re-polymerize depolymerized PET chains with excess
isocyanate.

Within this context, Fig. 1f quantifies the impact of stoi-
chiometry and reaction time on PET chain growth: the vis-
cosity-average molar mass (M,) of dPET trial 1 increases
between 0 and 24 h for both 1:1 and 1:2 PET:HDI formu-
lations, with higher M, values observed under the more isocya-
nate-rich 1:2 conditions, consistent with more extensive chain
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extension and/or mild branching. Substantial molar mass
growth is observed even under conditions nominally intended
to favor end-capping, indicating that PET-PET coupling readily
occurs during extended HDI exposure and mirroring the be-
havior observed in the BHET and PEO model systems (Fig. 1d
and Fig. S6).

Taken together with the mechanistic schematics in Fig. 1a
and 1g, Fig. 1d and 1f reveal a unified picture: in both simple
diol models and depolymerized PET, excess HDI does not lock
oligomers into permanently end-capped structures but instead
allows continued molar mass growth over time. This insight,
that 1:2 OH:NCO conditions do not guarantee static end-
capped species but can lead to ongoing oligomer-oligomer
coupling at longer times (Fig. 1g), is critical for rationally con-
trolling HDI-mediated PET-PEO multiblock formation. These
results motivate the use of short HDI end-capping times prior
to PEO addition in order to bias multiblock formation via
PET-PEO linkages rather than uncontrolled PET-PET coup-
ling, as explored in the following section. On the basis of these
observations, a short end-capping protocol (10 min) was
selected prior to PEO addition for the synthesis of PET-PEO
multiblock copolymers, while extended end-capping (24 h) was
intentionally examined as a contrasting condition to probe the
consequences of uncontrolled chain-chain coupling.

PET-PEO copolymerization

Virgin PET was depolymerized to ensure that dihydroxy-
capped oligomers with an M, similar to the 4 kg mol™" PEO
were produced, so that, ideally, this 50 : 50 multiblock copoly-
mer will exhibit properties of both parent polymers.®®*° All
depolymerized PET samples used here were derived from
bottle-grade PET, and independent depolymerization trials
(Tables S1 and S2) produced dihydroxy-terminated oligomers
with similar molar mass and end-group densities. Under iden-
tical PET-HDI-PEO conditions, these different dPET batches
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yielded PET-PEO multiblock copolymers with comparable
molar mass and PET/PEO ratios for a given end-capping time,
indicating that the synthetic strategy is reproducible across
batches of bottle-derived PET, although extension to other PET
sources remains a subject for future work.

Fig. S8 shows the GPC traces of virgin PET and the dPET
trials 2 and 3; the depolymerized samples exhibit later reten-
tion times and therefore lower molar masses than virgin PET.
Fig. S9 shows the "H NMR spectra of virgin PET and the dPET
trials 2 and 3; the depolymerized samples exhibit greater inte-
gration for the methylene peaks in the alpha position to the
hydroxyl end group, indicating an increase in the average
number of hydroxyl end groups per chain compared to virgin
PET. Table S2, which shows M,,, my, D, and average number of
-OH end groups, quantifies the chain length by showing that
dPET trial 2 (M, = 5.5 kg mol ™", D = 1.88, 2.0 -OH end groups)
and trial 3 (M, = 5.7 kg mol ™", P = 1.53, 1.97 -OH end groups)
decreases in molar mass and increases in average number of
hydroxyl end groups compared to virgin PET (M, = 15.98 kg
mol ™', P = 1.97, 1.13 -OH end groups). Table S2 also demon-
strates that dihydroxy-capped oligomers with an M,, similar to
the 4 kg mol™" PEO have been isolated. For the short-term
end-capping (10 min) reaction, dPET trial 2 was used, and for
the long-term end-capping (24 h) reaction, dPET trial 3 was
used. Since TBD is used as a TBD : MSA organo-salt and the
dPET oligomers undergo triple HFIP/MeOH precipitation prior
to coupling, it is unlikely that any residual basic catalyst is
present to enable further transesterification during PET-PEO
synthesis.

Fig. 2 illustrates the copolymerization of PET and PEO uti-
lizing short-end capping. Fig. 2(a) illustrates the reaction
scheme for the short end-capping (10 min) of dPET followed
by the subsequent addition of PEO. While temperature is
expected to influence reaction kinetics and urethane exchange,
PET solubility in TCE constrained our experiments to a narrow
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Fig. 2 (a) Reaction scheme illustrating short HDI end-capping of PET oligomers (10 min end-capping time), followed by subsequent addition of

PEO. (b) Isolated yield of PET-PEO multiblock copolymer as a function

of reaction time (0, 4, 9, and 22 h) following short end-capping. (c) GPC

traces of PET-PEO samples collected at 0, 4, 9, and 22 h, showing progressive increases in molar mass with reaction time. (d) Evolution of molar
mass (M,, light green bars; M,,, green bars), dispersity (D, dark green line), and PET/PEO ratio (dashed brown line) during PET-PEO multiblock for-
mation. The PET/PEO ratio is defined as the *H NMR-derived PET proton fraction divided by the theoretical value expected for ideal 1:1 PET-PEO

oligomer incorporation.
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temperature window around 130 °C. Systematic variation of
temperature in alternative solvent systems that maintain PET
solubility represents an important avenue for future optimiz-
ation of multiblock architecture and dynamics. Fig. 2(b) shows
the isolated yield of the PET-PEO multiblock product as a
function of reaction time. Fig. 2(b) shows that the final 22 h
sample is obtained in high yield, indicating that most of the
reactive material is incorporated into the recovered copolymer.
Intermediate samples taken at 4 and 9 h exhibit somewhat
lower apparent isolated yields, suggesting that a fraction of
shorter, incompletely coupled species is more easily lost
during the IPA/hexane precipitation and washing steps.

Fig. 2(c) shows the GPC curves of each sample. Fig. 2(d)
shows the evolution of molar mass (M,-light green bar, M-
green bar), D (dark green line), and block copolymer compo-
sition (PET/PEO ratio determined by 'H NMR spectroscopy,
dashed brown line) over 0, 4, 9, and 22 h during PET-PEO mul-
tiblock formation using the dPET that is end-capped with a
10 min (short) HDI end-capping reaction. Fig. S10 shows that,
after PEO addition, NMR reveals no residual hydroxyl end
groups and an increase in urethane-group intensity with reac-
tion time, indicating rapid consumption of residual isocyanate
end groups. Fig. S11 shows DOSY NMR of each sample to
demonstrate the connectivity of the oligomers. Equations S1-
S4 demonstrate how '"H NMR spectroscopy was used to quan-
tify the PET/PEO ratio by integrating aliphatic proton reso-
nances unique to each oligomer. Eqn (S1) utilizes M,, to calcu-
late the degree of polymerization (n) by dividing M, by the
monomer repeat-unit molar mass (M,). Eqn (S2) obtains the
total aliphatic protons in the polymer (H,qiymer) from n and the
number of aliphatic protons per repeat unit (Hmonomer)- FOT
PET-PEO multiblock copolymers, eqn (S3) finds the PET
proton fraction (fpgr) is defined as PET aliphatic protons
divided by the total aliphatic protons from PET and PEO. This
PET fraction is then normalized to an ideal 1:1 PET:PEO
composition in eqn (S4) using the ratio fpgrobserved!
JpET-expected(1:1) IN @ specific 1:1 dPET trial 2/PEO system, the
expected PET proton fraction is 0.24, and experimental values
are compared to this reference. Table S3 shows the theoretical
PET proton fraction expected for ideal 1:1 PET-PEO oligomer
incorporation for both dPET trials 2 and 3, the observed PET
fraction for the short end-capped PET-PEO with reaction time,
and the observed PET proton fraction for the long end-capped
PET-PEO samples. Table S3 also reports the PET/PEO ratio,
defined as the ratio of the observed PET proton fraction to the
theoretical value expected for ideal 1:1 incorporation, and
illustrates the molar ratio of PET repeat units to PEO repeat
units in the multiblock copolymer, determined from 'H NMR
peak integrals. Ideal stoichiometry would yield a PET/PEO
ratio of 1.0. However, if the PET/PEO ratio is >1.0, more ali-
phatic PET protons are observed than expected fora 1:1 incor-
poration of PET and PEO, indicating a lack of PEO incorpor-
ation/blocks. Likewise, if the PET/PEO ratio is <1.0, fewer ali-
phatic PET protons are observed than expected, indicating over
incorporation of PEO blocks and deviation from the ideal 1:1
incorporation.
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We emphasize that the PET-PEO multiblock copolymers
are prepared in a single-pot PET-HDI-PEO process: the PET
oligomers are first end-capped with HDI, PEO is then added to
the same reaction mixture, and finally all residual -NCO
groups are consumed by an isopropanol quench. Together
with DOSY NMR (Fig. S11 and S$13) and '"H NMR composition
analysis (Table S3), this protocol minimizes the formation of
isolated PEO-HDI species and verifies that PET and PEO seg-
ments are covalently incorporated into the same diffusing
macromolecules.

As the reaction in Fig. 2(d) proceeds for 4 h, M,, increases
substantially, whereas M,, increases more modestly, consistent
with step-growth multiblock formation accompanied by an
increase in P. The 0 h period exhibits a PET proton fraction
consistent with a 1:1 molar mixture of PET and PEO oligo-
mers, indicating the presence of uncoupled homopolymers,
since no polymers are covalently bonded at this stage. During
the reaction workup (4-22 h), the 'H NMR spectrum shows
only multiblock copolymer (MBCP) resonances, indicating suc-
cessful coupling.

Notably, the PET/PEO ratio determined by "H NMR reaches
a maximum at early reaction times (4-9 h), indicating PET
enrichment relative to ideal PET-PEO incorporation. In those
same samples, limited molecular-weight growth by GPC is
exhibited; this behavior is consistent with incomplete hetero-
coupling, in which a fraction of PET oligomers remains unco-
valently bonded to PEO. At longer reaction times (22 h), M,,
increases sharply to >160 kg mol™", accompanied by a con-
current rise in P, while the PET/PEO ratio decreases toward
unity. This trend reflects increasing PET-PEO incorporation
toward the theoretical 1:1 composition, consistent with pro-
gressive step-growth coupling. The alternating nature of the
PET and PEO blocks in this 22 h multiblock copolymer most
closely resembles segmented block copolymers of existing
long-soft-segment polyethers and long-hard-segment (some-
times crystalline) polyurethanes.”®””> Consistent with this
picture, the short-end-capped 4 and 9 h samples, which
display PET-enriched PET/PEO ratios (~1.55-1.60), also exhibit
lower isolated yields than the fully reacted 22 h sample. We
infer that in these short reaction times, the uncoupled PEO oli-
gomers are preferentially lost during IPA/hexane work-up,
whereas more completely coupled PET-PEO chains are fully
recovered.

Although "H NMR spectra do not directly resolve block
number or sequence, the convergence of PET/PEO ratio toward
unity at longer reaction times, together with substantial molar
mass growth observed by GPC, supports formation of PET-
PEO multiblock copolymers with near-stoichiometric segment
incorporation. Together, these results demonstrate that short
HDI end-capping, followed by controlled polymerization
times, enables PET-PEO multiblock formation while minimiz-
ing uncontrolled PET-PET coupling, consistent with trends
observed in the BHET/PEO model system.

Table 1 demonstrates the influence of HDI end-capping
time on PET-PEO multiblock formation by comparing poly-
mers prepared using short (10 min or 0.167 h) and extended
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Table 1 Comparison of PET-PEO multiblock copolymers prepared
using short (10 min) and extended (24 h) HDI end-capping prior to PEO
addition, showing number-average molar mass (M,), weight-average
molar mass (M,,), dispersity (D), observed PET proton fraction (expressed
as PET/PEO ratio from *H NMR), and isolated yield

End-capping M, M, PET/PEO

Time (h) (kgmol™) (kgmol™) B ratio Yield
0.167 40 161 4.1 0.93 98.9%

24.0 29 108 3.8 1.67 100.6%

(24 h) HDI end-capping of PET prior to PEO addition. Fig. S12
shows the GPC traces of both PET-PEO multiblock copolymers.
Despite comparable molar masses, the two materials exhibit
distinct PET/PEO ratios and B, reflecting differences in
segment incorporation arising from fundamentally different
reaction pathways. The PET-PEO formed from the 10 min end-
capped dPET exhibits a PET/PEO ratio of 0.93, consistent with
near-stoichiometric PET-PEO incorporation despite rapid con-
sumption of PET hydroxyl end groups and minimal PET-PET
self-coupling prior to PEO addition. In contrast, extending the
end-capping time of the dPET to 24 h yields a substantially
elevated PET/PEO ratio (1.67), indicating PET enrichment rela-
tive to ideal PET-PEO coupling. This behavior is consistent
with significant PET-PET chain extension occurring during
prolonged exposure of dihydroxy-terminated PET to HDI prior
to PEO addition, likely via secondary isocyanate coupling.

This interpretation is further supported by the observed
increase in molar mass during extended PET-HDI end-
capping reactions, as well as by analogous trends in the BHET
and PEO model systems. Additionally, Fig. S13 shows DOSY
NMR analysis of the 24 h end-capped sample, which shows a
single diffusing species for PET and PEO resonances, confirm-
ing covalent incorporation of both segments while remaining
insensitive to block sequence or relative block abundance.
Although the 24 h end-capped material exhibits a slightly
lower D than the 10 min sample, its elevated PET/PEO ratio
indicates a reduced effective PEO incorporation into the multi-
block and diminished control over multiblock connectivity.

Collectively, these results demonstrate that HDI end-
capping time is a critical synthetic parameter governing rela-
tive PET-PEO segment incorporation and multiblock compo-
sition and connectivity. Short times to end-cap dPET with HDI
favor the formation of targeted PET-PEO multiblock with
PET-PEO connectivity, while minimizing uncontrolled PET-
PET coupling. In summary, Fig. 3 illustrates our identification of
a flexible synthetic strategy to upcycle depolymerized PET into
PET-PEO multiblock copolymers by intercepting dihydroxy-ter-
minated telechelic oligomers and using HDI-mediated urethane
coupling. Model studies with BHET and PEO establish predict-
able polymer growth and highlight the sensitivity of chain exten-
sion to isocyanate stoichiometry and reaction time. Translation
of this approach to the formation of multi-block copolymers
using depolymerized dihydroxy-terminated PET oligomers as
feedstocks reveals that HDI end-capping time of the dPET oligo-
mers serves as a key architectural control parameter, governing
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PET-PET coupling relative to PEO incorporation and directly dic-
tating multiblock composition. By focusing on short end-capping
time, PET-PEO copolymers with controlled PET/PEO ratio and
high molar masses are obtained, providing a chemically tunable
platform to probe structure-property relationships in upcycled
materials. Having established synthetic control over PET-PEO
multiblock architecture, we next examine how end-capping time
and block composition influence the mechanical performance of
solvent-cast films.

Mechanical properties of PET-PEO multiblock copolymers

The mechanical properties of the synthesized PET-PEO multi-
block copolymers provides important insight into the mole-
cular structure-macroscopic property relationships that emerge
from the variation in molecular architecture and phase behav-
ior introduced by end-capping and copolymer formation.
Fig. 4 illustrates images of thin film samples (a), the average
tensile stress-strain curves (b) and average tensile strength vs.
strain at break (c) for virgin PET (black), PET-PEO (24 h end-
capped: dark green), PET-PEO (10 min end-capped: light
green), rPET (brown), 80:20 PET/PEO Homopolymer Blend
(light brown), 80:20 PET/PEO compatibilized blend (blue).
Fig. S14-S17 show the tensile stress—strain curves for each
virgin PET, PET-PEO (24 h end-capped), PET-PEO (10 min
end-capped) sample, and compatibilized PET/PEO 80:20
blend. Fig. S18 illustrates thin film images of failed solvent
cast films for a 50/50 blend of PET : PEO homopolymers, a 50/
50 blend of PET : PEO homopolymers that were compatibilized
with 1 wt% of the short end-capped PET-PEO MBCP and repo-
lymerized PEO (38.3 kg mol ™).

In Fig. 4, the properties of the virgin PET (M, = 54 kg
mol™") demonstrate the expected high tensile strength and low
strain at break, reflecting its semicrystalline, rigid backbone.
In contrast, the depolymerized PET (M, ~ 28 kg mol ') is repo-
lymerized via HDI-mediated coupling, resulting in higher-
molecular-weight materials (M, ~ 66 kg mol™") composed of
PET blocks connected by short aliphatic urethane linkers.
Fig. 4(d) shows the DSC curves for both virgin (black) and repo-
lymerized (brown) PET, indicating a decrease in the melting
peak temperature for rPET. Table S4 reports the heats of
fusion for virgin and rPET, indicating a reduction in both the
heat of fusion and percent crystallinity for the repolymerized
PET. Although this process increases molar mass, the incor-
poration of flexible HDI segments disrupts the regular aro-
matic ester backbone of PET, decreasing crystallinity and creat-
ing more compliant junctions between rigid PET domains.
Consequently, repolymerized PET exhibits a modest reduction
in tensile strength compared to virgin PET, despite maintain-
ing or slightly improving ductility.”*”®

Incorporation of PEO dramatically alters the mechanical
response of the polymer, with clear distinctions observed
between the copolymer synthesized from variations in the end-
capping conditions and thus copolymer connectivity. The
PET-PEO multiblock prepared from 24 h HDI end-capped
dPET (Fig. 4(b and c), dark green) exhibits the highest tensile
strength among the virgin or upcycled materials while main-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6gc01907b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:55:19 AM.

(cc)

Green Chemistry

View Article Online

Paper

Semicrystalline PET

Nsas

Glycolysis

® oo

Telechelic PE T Oligomer

Dihydroxy-capped PET oligomer 4 j(d ﬁ

Longer Reaction TIV
New Urethane

linker

Diisocyanate-capped PET oligomer

Diisocyanate Coupling

Diisocyanate
End- Capplng

Dihydroxy-capped PEO oligomer

\orter Reaction Time

Diisocyanate-capped PET oligomer

New Urethane
linker

Multiblock Copolymer

P °%”©4N}mw{w%wr}

Fig. 3 Modular synthetic strategy for PET-PEO multiblock copolymers. Depolymerized PET is converted to telechelic oligomers via glycolysis, end-
capped with HDI, and subsequently coupled with PEO to form multiblocks. HDI end-capping time controls the balance between PET—PET self-
coupling and PET-PEO incorporation, enabling tunable multiblock composition and molar mass.

taining substantial extensibility, indicating effective load trans-
fer across hard PET domains and soft PEO segments.”” "
Fig. 4(d) and Table S4 show that 24 h end-capped PET-PEO
(dark green) has a melting peak and heat of fusion for PET
(Tm2), but not for PEO (T\,1), consistent with the idea of hard
PET domains and soft PEO segments. This is consistent with
the general behavior of crystalline-crystalline multiblock copo-
lymers, in which overall crystallinity can be strongly sup-
pressed when one block is significantly longer than the other
due to confinement and dilution effects.** *® This behavior is
consistent with GPC and 'H NMR results, which indicate
increased molar mass and a higher PET/PEO ratio (1.67) rela-
tive to the 10 min end-capped sample (0.93). As previously

This journal is © The Royal Society of Chemistry 2026

shown in Fig. 1(f), control experiments in which PET was repo-
lymerized for 24 h at 1:1 and 1:2 OH:NCO molar ratios
showed molar mass growth in all cases, supporting the con-
clusion that extended end-capping promotes PET-PET coup-
ling prior to PEO incorporation. As a result, the 24 h end-
capped material likely contains longer PET blocks, thereby
enhancing mechanical reinforcement.

In contrast, the PET-PEO sample synthesized using 10 min
HDI end-capped dPET (Fig. 4(b and c), light green) exhibits
significantly higher strain at break but reduced tensile
strength, consistent with shorter PET segments and a higher
effective PEO content. The increased chain mobility due to
more PEO content in the multiblock enhances ductility but
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(a) Representative sheet images, (b) tensile stress-strain curves, and (c) average tensile strength versus strain at break for virgin PET (black),

PET-PEO with 24 h HDI end-capping (dark green), PET-PEO with 10 min HDI end-capping (light green), rPET (brown), an 80 : 20 PET/PEO homopo-
lymer blend (light brown), and an 80:20 PET/PEO compatibilized blend (blue). (d) DSC traces (exo down) of virgin PET (black), rPET (brown),
PET-PEO with 10 min HDI end-capping (light green), PET-PEO with 24 h HDI end-capping (dark green), and the 80:20 PET/PEO blend (light
brown), where melting peaks associated with PEO (T,,1) and PET (T,,,2) are labeled.

limits stress-bearing capability.” The mechanically distinct
responses of these two multiblocks directly reflect differences
in copolymer sequence length and block connectivity imposed
by the end-capping duration.®””®®° Fig. 4(d) and Table S4
support this interpretation: the 10 min end-capped PET-PEO
sample (light green), which has comparable PET and PEO
block lengths (~4-5 kg mol™'), exhibits measurable heats of
fusion for both PET (T,,2) and PEO (T,1), indicating that both
blocks can crystallize. In contrast, in the 24 h end-capped
sample, the PET block is significantly longer while the PEO
block remains short (~4 kg mol™"). By controlling the end-
capping time, we can tune the suppression of PEO crystallinity:
short end-capping minimizes suppression because PET and
PEO have similar block lengths. Conversely, the extended end-
capping produces a strongly asymmetric sequence distribution
with longer, higher-T,, PET blocks and shorter PEO blocks. We
interpret the DSC data to indicate that PET crystallizes first,
forming a continuous hard phase that spatially confines and
effectively dilutes the short, tethered PEO segments. Such
block-length asymmetry in linear crystalline-crystalline multi-
blocks is known to suppress overall crystallinity, as the short
blocks lack sufficient length to form stable nuclei and are
locally constrained, which will prevent the formation of well-
developed PEO lamellae.®* ¢ Consistent with this picture, PEO
crystallinity appears to be strongly suppressed in the 24 h end-
capped sample, and no distinct PEO melting peak is observed
in the DSC, while PET still shows a clear melting endotherm.
Blending experiments further highlight the importance of
multiblock connectivity for macroscopic properties and

Green Chem.

provide insight into the ability of the upcycled PET-PEO multi-
block copolymers to compatibilize PET-PEO blends. These
mechanical property studies show that an uncompatibilized
80:20 PET: PEO homopolymer blend, shown in Fig. 4(b and
c) (light brown), exhibits poor mechanical integrity and
reduced strength, indicative of phase separation and weak
stress transfer between phases. Consistent with this interpret-
ation, DSC analysis of the 80:20 blend (Fig. 4(d) and Table S4)
shows distinct melting and heats of fusion for both PET (T},2)
and PEO (T\,1), indicating that the two components crystallize
largely independently rather than forming a nanoscale homo-
geneous morphology, in contrast to the PET-PEO multiblock
copolymers. Although the addition of 1 wt% PET-PEO compa-
tibilizer to an 80:20 PET/PEO blend improves film formation
and modestly enhances mechanical performance, the compati-
bilized blend remains substantially weaker than the corres-
ponding multiblock copolymers. Notably, Fig. S18 shows
attempts to prepare a 50:50 PET: PEO blend using the same
compatibilizer loading resulted in catastrophic film failure,
underscoring the limits of interfacial stabilization in PEO-rich
samples. Together, these results demonstrate that covalent
multiblock architectures are substantially more effective than
physical blends at maintaining mechanical integrity while
incorporating high fractions of flexible, hydrophilic PEO
segments.

To further probe the nanoscale structure and crystallinity of
these materials, the small- and wide-angle X-ray scattering
(SAXS/WAXS) curves of the same solvent-cast films used for
mechanical, DSC, and swelling experiments (Fig. S19). The

This journal is © The Royal Society of Chemistry 2026
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WAXS patterns confirm the presence of crystalline PET and,
where applicable, PEO reflections, consistent with the melting
endotherms and heats of fusion obtained by DSC. SAXS pro-
files exhibit scattering features characteristic of semicrystalline
lamellar morphology but do not show well-resolved higher-
order peaks that would indicate the formation of microphase
separated domains that may be expected of block copolymers.
Thus, while X-ray scattering corroborates the existence and
relative amount of crystalline phases, DSC provides the more
direct insight into which blocks crystallize in each sample and
how crystallinity evolves with end-capping time and block
architecture.

Water uptake and swelling behavior

Water-swelling experiments were first conducted to probe the
accessibility and connectivity of PEO-rich domains and to
assess the extent of water-induced plasticization in PET-PEO
materials. Fig. 5 shows the water swelling (%) of virgin PET
(black square), PET-PEO copolymer (24 h end-capped: dark
green circle), PET-PEO copolymer (10 min end-capped: light
green circle), rPET (brown diamond), an 80:20 PET/PEO
Homopolymer Blend (light brown diamond), an 80:20 PET/
PEO compatibilized blend (24 h end-capped: light blue tri-
angle), and an 80:20 PET/PEO compatibilized blend (10 min
end-capped: dark blue triangle) as a function of time exposure
to water. Virgin PET exhibits minimal water uptake over the
entire experimental timescale, remaining below ~10% swelling
even after extended exposure. This behavior is consistent with
the hydrophobic, rigid nature of the PET backbone and its
limited free volume.

In contrast, Fig. 5 shows that both PET-PEO MBCPs display
rapid and substantial water uptake (40-80%), with swelling
increasing sharply within the first day and continuing to rise
over longer timescales. The magnitude of swelling suggests
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that PEO-rich segments are readily accessible to water and
form continuous or semi-continuous domains that can
undergo significant hydration. Notably, the PET-PEO multi-
block copolymer synthesized from the dPET that is end-
capped for 10 min contains a PET/PEO ratio of 0.93, as deter-
mined by '"H NMR, indicating a high effective PEO content
that dominates sorption behavior. Even with a lower PEO
incorporation (PET/PEO ratio of 1.67) in the 24 h end-capped
multiblock, PEO still dominates sorption behavior. The per-
sistence of swelling over time further suggests that water pene-
tration is not limited to the surface but extends throughout
the bulk material.

Compatibilized PET/PEO blends shown in Fig. 5 exhibit
intermediate swelling behavior between that of the multi-
blocks and the PET homopolymer. While water uptake is
higher than that of virgin PET, it remains substantially lower
than that observed for PET-PEO MBCPs, consistent with
partial phase separation and restricted connectivity of PEO
domains.”"™® These results indicate that the morphology
formed in these compatibilized blends limits excessive PEO
swelling, potentially by constraining domain size and inter-
facial mobility. At higher overall PEO loadings, however,
mechanical integrity is lost, as evidenced by the disintegration
of 50:50 PET:PEO films even in the presence of identical
copolymer content, as shown in Fig. S20. This observation
underscores the sensitivity of bulk properties to PEO content,
domain connectivity, and morphology.

Gas permeability

The pronounced differences in water uptake among these
materials, shown in Fig. 5, provide important insight into
molecular transport through these films and motivate the
examination of their gas transport behavior. To assess how
polymer architecture influences gas transport, gas permeation
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Fig. 5 Water swelling (%) as a function of log(water exposure time) for virgin PET (black squares), rPET (brown diamonds), PET-PEO multiblocks
prepared via 24 h (dark green circles) and 10 min (light green circles) end-capping, an 80 : 20 PET/PEO homopolymer blend (light brown diamonds),
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measurements were performed on free-standing films of com-
patibilized PET/PEO blends and PET-PEO multiblock copoly-
mers. We hypothesized that materials exhibiting higher water
uptake may also exhibit increased gas permeability, particu-
larly for larger, more condensable gases such as CO, and CH,.
CO, permeability is emphasized as the design-relevant metric
because PEO is widely regarded as a CO,-selective block,”*°
enabling direct comparison between PET-derived multiblock
membranes synthesized from recycled consumer waste and
established virgin poly(butylene terephthalate) (PBT)-PEO
systems used in commercial gas separation membranes.
Notably, the PBT-PEO (PolyActive) reference materials employ
a block composition of approximately 45 wt% PEO and
55 wt% PBT,”>®” which closely mirrors the PET-to-PEO ratio of
the PET-PEO multiblock copolymers studied here (PET/PEO
ratio of 0.93). However, the pure-gas permeation of He, H,, N,,
0,, and CHj is also included to contextualize transport behav-
ior and relative selectivity, as is discussed in the SI.

Gas transport in these dense polymer membranes is gov-
erned by the solution-diffusion mechanism, in which per-
meability reflects the product of gas diffusivity and solubility.’®
In semicrystalline PET-based systems, transport occurs primar-
ily through the amorphous regions, while crystalline domains
act as impermeable barriers that restrict segmental motion
and reduce available free volume.”® Consequently, changes in
crystallinity, chain packing, and local segmental mobility are
expected to strongly influence gas transport behavior.

Based on these considerations, virgin PET is expected to
exhibit low permeability with relatively strong molecular dis-
crimination, consistent with its dense, glassy semicrystalline
microstructure. Introducing PEO through physical blending is
anticipated to increase permeability, but at the expense of trans-
port uniformity due to phase separation within the blend.'** %
In contrast, PET-PEO multiblock copolymers were expected to
exhibit gas transport properties more akin to those observed for
other PEO-containing materials®*®® as the covalent linkage pro-
motes more uniform molecular-level distribution of PEO within
the amorphous regions of the semicrystalline PET phase, disrupt-
ing local chain packing and increasing segmental mobility
without generating the larger-scale transport heterogeneities
associated with physical blending.

As an example, Fig. 6 presents the Robeson plot for the
CO,/CH, gas pair and compares the short end-capped PET-
PEO multiblock copolymer (green diamond) to an 80:20 PET/
PEO blend compatibilized with 1 wt% PET-PEO (orange
square), as well as the commercially available gas separation
membrane material, PolyActive®®°®1%371%5 (blue circle). To
further emphasize the comparison between recycled PET-
based membranes and virgin commercial materials, Table 2
summarizes the measured permeability values for PET-PEO
multiblock copolymers alongside representative PolyActive
systems. Table S5 reports the permeability of all samples for
various gases, while Fig. S20 presents all available Robinson
plots of the tested samples.

Fig. 6 shows that the compatibilized PET/PEO blend exhi-
bits higher CO, permeability than virgin PET (Table S5), which

Green Chem.

View Article Online

Green Chemistry

100 St
~N
~
~
~
~
i ~
@ ~
<10 & e
I
(@)
<
N
@]
@)
g 4 B
— =2008 Upper Bound Definition
———2015 Upper Bound Definition
@ PolyActive lit
¢ PET-PEO
@ PET/PEOBlend
0.1

100 10000
Permeability CO, (Barrer)

Fig. 6 Robeson plot showing CO,/CH, selectivity versus CO, per-
meability. Literature data for PolyActive (4000PEOs5sPBT 45 97 and PEO-
PBT/GO-0 °®) and PET of varying densities are shown alongside experi-
mentally measured short-end-capped PET-PEO multiblock copolymer
(MBCP) and an 80:20 compatibilized PET:PEO homopolymer blend
(1 wt% compatibilizer) permeated with the corresponding gases. The
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Table 2 Literature values for PolyActive®®®” experimental values for

short-end-capped PET-PEO MBCP permeated with He, H,, Nj, CHy,,
COZ, and 02

Permeability (Barrer)

Sample He H, N, CH; CO, O,
PolyActive (4OOOPE055PBT45297 — 1055 261 6.76 112 —
PolyActive (PEO-PBT/GO-0)° — 143 2.88 84 150 —
PET-PEO (10 min end-capped) 139 244 52 23 224 197

is consistent with the incorporation of a PEO-containing
phase.”»®> However, this increase in permeability is
accompanied by a dramatically lower CO,/CH, selectivity than
is observed for the PET-PEO multiblock copolymer and
PolyActive. This behavior is consistent with the DSC results
(Table S4), which show distinct melting endotherms for both
PET and PEO in the blend, indicating that the two polymers
retain sufficient mobility to crystallize largely independently.
Such independent crystallization indicates heterogeneous
phase organization and limited molecular-level integration,
likely generating interfacial transport pathways that increase
permeability but compromise molecular discrimination."*%

In contrast, PET-PEO multiblock copolymers exhibit CO,
permeability comparable to PolyActive, while displaying
similar, but not enhanced, CO,/CH, selectivity. The thermal
and structural characterization provides important insight into
the origin of this behavior. DSC reveals strongly suppressed or
absent PEO crystallization in several multiblock samples
despite significant PEO incorporation, indicating confinement
of PEO segments within PET-rich semicrystalline environ-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6gc01907b

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 9:55:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

ments. At the same time, SAXS profiles (Fig. S19) show broad
scattering maxima characteristic of semicrystalline lamellar
morphology but no higher-order reflections indicative of well-
ordered microphase separation. Together, these observations
suggest that transport enhancement does not arise from classi-
cal microphase-separated diffusion channels, but rather from
local disruption of PET chain packing and altered segmental
mobility within mixed amorphous regions. This architecture
increases gas permeability by increasing local fractional free
volume and enhancing CO, sorption through ether-rich PEO
segments, while preserving sufficient structural constraint
from PET crystallites to retain moderate molecular
discrimination.®®

The PET-PEO multiblock shows slightly lower CO,/CH,
selectivity than PolyActive (PBT-PEO), despite comparable per-
meability. This difference likely reflects intrinsic differences
between PET- and PBT-based hard segments, as well as differ-
ences in segmental organization. Specifically, PBT has been
shown to exhibit intermolecular C=O---H-C hydrogen
bonding and reduced chain flexibility relative to PET, owing to
its greater number of methylene units, whereas PET weaker
and less extensive hydrogen-bonding interactions.'®” FTIR ana-
lysis of the present system (Fig. S21) indicates evidence of
hydrogen bonding in the PET-PEO multiblock, as reflected by
(i) broadening and red-shifting in the 3200-3600 cm™" region
and (ii) asymmetry and slight shifts in the carbonyl stretching
region. These interactions likely arise from urethane N-H
groups interacting with ester and ether functionalities and
may contribute to intermolecular association within mixed
amorphous regions. These differences can alter the extent to
which the hard segment constrains local motion within mixed
amorphous regions, thereby affecting the balance between per-
meability and selectivity. In this context, the butylene-based
hard segments of PolyActive may provide more effective con-
finement of PEO segmental motion than PET, contributing to
somewhat greater molecular discrimination, whereas the PET-
based system studied here appears to favor higher local mobi-
lity and correspondingly modest reductions in selectivity.

Although CO, plasticization resistance was not directly eval-
uated in this study, the structural characteristics of these PET-
PEO multiblock copolymers suggest behavior intermediate
between highly rubbery PEO-rich membranes and rigid glassy
aromatic polyesters. Ether-rich PEO segments are expected to
enhance CO, sorption and therefore increase susceptibility to
CO,-induced swelling relative to neat PET.’°>'°® However,
DSC results showing suppressed PEO crystallization, together
with SAXS evidence for the absence of long-range ordered soft-
segment domains, indicate that PEO segments remain structu-
rally constrained within the  semicrystalline PET
framework.®*"®® These constraints, combined with the rigidify-
ing influence of PET crystalline domains, may mitigate exces-
sive CO,-induced chain mobility relative to physically blended
PET/PEO systems. Future high-pressure permeation studies
will be required to directly establish plasticization resistance
and plasticization pressure in these recycled multiblock
membranes.

This journal is © The Royal Society of Chemistry 2026
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Taken together, these results demonstrate that membranes
derived from recycled consumer PET can achieve CO,/CH, sep-
aration performance comparable to established virgin PBT-
PEO membrane materials, without relying on physical blend-
ing strategies that compromise membrane function. While
PET-PEO multiblock copolymers do not match PolyActive’s
selectivity, their performance demonstrates that long-range
ordered microphase separation is not required to achieve
meaningful transport enhancement. Rather, controlled pertur-
bation of semicrystalline PET morphology through covalent
incorporation of PEO provides an effective route for tuning the
permeability-selectivity balance in recycled polymer-derived
gas separation membranes.

Extension to polycarbonate-derived multiblock copolymers

While the primary focus of this work is on PET-derived tele-
chelic oligomers, the HDI-mediated coupling strategy should,
in principle, be applicable to a broader range of chemically
recycled feedstocks. To probe this generality, we performed
preliminary experiments using bisphenol-A (BPA) and polycar-
bonate (PC)-derived oligomers as model telechelic building
blocks and coupled them with PEO to form BPA-PEO and PC-
PEO multiblock copolymers.

Fig. 7 summarizes these results. Schemes in Fig. 7a and b
illustrate the synthetic routes used to prepare BPA-PEO and
PC-PEO multiblocks: phenol-terminated BPA or depolymer-
ized PC oligomers are first end-capped with HDI, then reacted
with dihydroxy-terminated PEO to generate urethane-linked
multiblock architectures. Representative GPC traces (Fig. 7c
and d) show that, in both systems, coupling produces clear
shifts to lower elution volume relative to the starting PEO and
PC/BPA oligomers, indicative of molecular-weight growth upon
multiblock formation.

The evolution of molar mass and dispersity with reaction
time is quantified in Fig. 7e. For the BPA-PEO system, M, and
M,, increase substantially relative to the 4 kg mol™" PEO pre-
cursor, reaching values on the order of ~14 kDa (M,) and
~23 kDa (M,,) after extended reaction (19 h), with dispersity
narrowing to ~1.6 (Table S6). Similarly, the PC-PEO system
shows growth from ~5.0 kDa (PEO) and ~3.2 kDa (dPC) to
~8.0 kDa (M,) and ~15.7 kDa (M,,) after 48 h of coupling,
accompanied by a broadened P characteristic of step-growth
assembly from telechelic oligomers (Table S7). The side-by-
side comparison in Fig. 7e highlights that both BPA- and PC-
based systems undergo efficient chain extension under the
same HDI-mediated coupling conditions, despite differences
in feedstock structure and initial molar mass.

Time-dependent trends in molecular-weight growth are
further emphasized in Fig. 7f, which plots the percent change
in M, and M,, for BPA-PEO and PC-PEO relative to their
respective starting oligomers. Both systems exhibit monotonic
increases in M, and M,, with reaction time, consistent with
ongoing step-growth coupling rather than simple end-capping.
The somewhat larger relative increases observed for BPA-PEO
reflect the lower initial molar mass of the early PEO-BPA
species (Table S6), whereas the PC-PEO system shows more
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Fig. 7 Extension of the HDI-mediated multiblock strategy to BPA- and PC-derived oligomers. (a) Synthetic scheme for BPA—-PEO multiblock copo-
lymer formation via HDI-mediated coupling. (b) Synthetic scheme for PC—PEO multiblock copolymer formation using depolymerized, phenol-termi-
nated PC oligomers and PEO. (c) Representative GPC traces for BPA—PEO samples, showing molecular-weight growth relative to the starting PEO
and BPA-derived oligomers. (d) Representative GPC traces for PC—PEO samples, showing molecular-weight growth relative to the starting PEO and
depolymerized PC (dPC). (€) Number-average molar mass (M,,, light orange for BPA-PEO; light blue for PC—PEOQ), weight-average molar mass (M,,,
orange for BPA—-PEO; blue for PC-PEO), and dispersity D (lines; orange for BPA—PEO, blue for PC—PEO) for the final multiblock products. (f)
Percent change in M,, (circles) and M,, (squares) relative to the corresponding starting oligomers for BPA-PEO (orange) and PC—PEO (blue), illustrat-
ing time-dependent molecular-weight growth consistent with step-growth multiblock formation.

modest, but still significant, increases in M,, and M,, from the
dPC/PEO starting point (Table S7). In both cases, the combi-
nation of substantial molecular-weight growth and controlled,
step-growth-like dispersities indicates that telechelic oligomers
are successfully assembled into multiblock architectures using
the same HDI-mediated chemistry developed for PET.

Complementary spectroscopic data (Fig. S24-S26) support
this interpretation. FTIR spectra show the disappearance of
isocyanate stretching bands and the growth of urethane carbo-
nyl and N-H absorptions as the reactions proceed, while DOSY
NMR of the PC-PEO product (Fig. S26) reveals that PEO- and
PC-derived resonances share a common diffusion coefficient
distinct from those of the corresponding precursors, confirm-
ing covalent incorporation of both segments into a single
diffusing macromolecular species.

Taken together, the BPA-PEO and PC-PEO results in Fig. 7
demonstrate that telechelic oligomers obtained from different
commodity polymers (PET and PC) can be intercepted and
recombined using a unified HDI-mediated coupling strategy to
form multiblock copolymers with increased molar mass and
verified block connectivity. Although a full investigation of the
structure-property relationships in these PC-based multiblocks
is beyond the scope of this initial study, these experiments

Green Chem.

underscore the modularity and generality of using waste-
derived telechelic oligomers as programmable building blocks
for multiblock synthesis.

Conclusion

This work demonstrates a versatile upcycling strategy that con-
verts depolymerized PET oligomers into high-molecular-weight
PET-PEO multiblock copolymers by intercepting telechelic oli-
gomers and coupling them via HDI-mediated urethane chem-
istry. By directly isolating and utilizing telechelic intermediates
from depolymerized consumer PET, this approach eliminates
the need to revert to monomeric feedstocks, providing a new
pathway for transforming waste polymers into architecturally
complex materials. Model BHET and PEO systems show that
HDI remains reactive over extended periods, indicating that
end-capping conditions can unintentionally promote oligo-
mer-oligomer coupling. We show that the timing of the end-
capping step governs the competition between chain extension
and termination, establishing end-capping time as a critical
and previously underexplored control parameter for program-
ming multiblock architecture. Translating this insight to depo-

This journal is © The Royal Society of Chemistry 2026
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lymerized PET shows that HDI end-capping time is a powerful
synthetic handle: short end-capping suppresses PET-PET self-
coupling and enables near-stoichiometric PET-PEO incorpor-
ation, whereas extended end-capping produces PET-enriched
multiblocks with longer hard segments.

Beyond PET-PEO, this chemistry provides a general plat-
form to construct multiblock copolymers from diverse depoly-
merization products. Preliminary extension of the HDI-
mediated coupling strategy to polycarbonate-derived oligomers
(Fig. 7) demonstrates that well-defined telechelic oligomers
obtained from chemical recycling can be recombined with
PEO to form new multiblock architectures with increased
molar mass and characteristic step-growth dispersities. More
broadly, these results suggest that phenol- or hydroxyl-termi-
nated carbonate and ester oligomers derived from chemical re-
cycling can serve as modular, reactive building blocks rather
than merely intermediates en route to monomer recovery.
Ongoing and future efforts will extend this approach to
additional recycled feedstocks (e.g:, textiles such as nylon and
PET, and polyethylene-derived diols), enabling systematic
control over block composition, sequence length, and phase
behavior, and establishing a modular route to value-added
upcycled materials directly from plastic waste.

The resulting control over the molecular sequence distri-
bution and connectivity of the copolymer directly governs
macroscopic mechanical, swelling, and gas-transport pro-
perties. PET-PEO multiblocks balance high strength and duct-
ility more effectively than physical PET/PEO blends (compatibi-
lized or uncompatibilized) or repolymerized PET alone, while
their accessible PEO-rich domains dramatically increase water
uptake and gas permeability. While these materials do not out-
perform state-of-the-art PBT-PEO (poly(ether-ester)) mem-
brane systems, they represent, to our knowledge, the first dem-
onstration of PET-PEO multiblock copolymers derived from
post-consumer PET for gas transport applications.
Importantly, the covalent multiblock molecular connectivity
enhances permeability without sacrificing selectivity,
approaching the performance of commercial poly(ether-ester)
membranes and surpassing compatibilized blends at compar-
able compositions. Preliminary extension of this chemistry to
PEO-PC systems underscore its generality, suggesting a
modular platform for constructing multiblock copolymers
from diverse depolymerized feedstocks. Overall, this work
establishes telechelic oligomers derived from plastic waste as
tunable, programmable building blocks for multiblock
polymer synthesis and demonstrates a generalizable strategy
for converting consumer waste into functional materials
without requiring complete depolymerization to monomers.
By introducing end-capping time as a design parameter for
controlling multiblock architecture, this approach provides a
new framework for engineering structure-property relation-
ships in upcycled polymer systems.

We note that the PET-PEO multiblock copolymers reported
here do not constitute a fully closed-loop recycling solution.
Rather, this chemistry is intended as an upcycling route that
broadens the set of materials accessible from chemically

This journal is © The Royal Society of Chemistry 2026
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recycled PET by converting telechelic oligomers into higher-
value, functional architectures. As such, the resulting multi-
block copolymers will themselves require appropriate end-of-
life management, and future work will be needed to design
upcycled systems with intentionally programmable recyclabil-
ity and to evaluate their environmental performance via life-
cycle assessment. Nevertheless, by transforming a portion of
post-consumer PET into mechanically robust, membrane-rele-
vant materials, this approach has the potential to reduce
reliance on virgin feedstocks and divert PET from short-lived,
single-use applications that are most prone to environmental
release.
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