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The cross-linked structures of most commodity Crosslinked PU Functional PU
polyurethanes (PUs) hinder their recycling by common mechan- thermosets R thermoplastics
ical/chemical approaches. Catalyzed dynamic carbamate exchange , = "
emerges as a promising PU recycling strategy, which converts Decrosslinking
traditional static PU thermosets into reprocessable covalent extrusion
adaptable networks (CANs). However, this approach has been o ‘
limited to thermoset-to-thermoset reprocessing of PU CANs, =~~~ ——_ ™~ %®2—
accompanied by their well-preserved network structures and 0 = 0 Carbamate _ o
extremely high viscosities, which pose challenges to processing g{oj‘n%'* ®L AR exchange (R/LOJL”%‘*' gOJ\N'R

and certain applications. This study reports a catalytic decross- i . -

linking extrusion process aided by small-molecule carbamates, ® = o *

whichg can upcycle PU thermosets into easily processable and - ﬂ\ﬂ/ See A/©
functional PU thermoplastics in a solvent-free and high-throughput

manner. Key to this process is the employment of small-molecule carbamates as decross-linkers to simultaneously deconstruct cross-
linked PUs and functionalize the decross-linked PU chains, through catalyzed carbamate exchange reactions in a twin-screw extruder.
This strategy applies to both aromatic and aliphatic cross-linked PU films and foams, and the amount of small-molecule carbamates
required to decross-link PU networks is determined through thermal, chemical, and structural analyses of the resulting extrudates.
This approach is generalizable to small-molecule carbamates with various steric/electronic structures and chemical functionalities
including methacrylate, anthracene, and stilbene groups. The chain-end functionalization is confirmed by analyzing the purified
decross-linked extrudates after dialysis. This thermoset-to-thermoplastic extrusion process represents a powerful approach for
upcycling postconsumer PU thermosets into a library of thermoplastic PUs with controlled molecular weights and chain-end
functionalities for diverse applications, including adhesives, photoresins, and stimuli-responsive materials, as demonstrated herein. In
the future, this strategy could be extended to upcycle many other step-growth networks capable of undergoing catalytic bond
exchange reactions, such as cross-linked polyureas and polyesters, contributing to plastic waste management in general.

cross-linked polyurethane, polyurethane depolymerization, reactive extrusion, carbamate bond exchange,
covalent adaptable networks, plastic recycling, sustainability

repurposing of cross-linked PUs toward low-end applications,
e.g., PUFs are ground and combined with binders to produce

Polyurethanes (PUs) are the sixth-largest manufactured -
carpet underlayers.”” Another approach is chemical recycling

consumer plastics, with a global market volume of ~56 billion i . i
pounds (~$87 billion market value) in 2023 and it expected to such as glycolysis, which typically employs solvents, heat, and
reach ~69 billion pounds (~$120 billion market value) by long reaction times to break carbamate linkages (i.e., urethane
2030."” Due to their tunable material properties, PUs are bonds) and depolymerize PUs into oligomers, followed by
widely used in applications ranging from CASE industries—

coatings, adhesives, sealants, and elastomers—to PU foams

energy-intensive multistep separation processes to recover PU

(PUFs) for comfort and construction, where PUs are May 3, 2024
commonly synthesized as cross-linked thermosets.”™® Their June 22, 2024
permanent network structures prohibit recycling via conven- June 28, 2024
tional melt processing techniques used to recycle thermo- July 12, 2024

plastics, leading to a low end-of-life PU recycling rate of only
5.5%.”° A current PU recycling approach is the mechanical
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Scheme 1. Upcycling of Crosslinked PU Thermosets into Functional PU Thermoplastics via Small-Molecule Carbamate-
Assisted Decross-Linking Extrusion, Where Small-Molecule Carbamates Undergo Catalyzed Carbamate Exchange Reactions
with Crosslinked PU in a Twin-Screw Extruder, Producing Decross-Linked (Linear/Branched) and Functional PU Chains

Toward Value-Added Applications

Crosslinked PU thermosets

Functional PU thermoplastics

Catalyzed
reactive extrusion

Small-molecule
carbamate decrosslinker

precursors (i.e., polyols).””~'* Both of these two common
methods have their own limitations,">'® which motivate the
development of more circular and efficient PU recycling
strategies.

Recent studies have reported potential, alternative PU
recycling strategies that convert traditional static PU networks
into thermally reprocessable, dynamic covalent adaptable
networks (CANs'’) by incorporating Lewis acid catalysts
such as dibutyltin dilaurate (DBTDL), either during the
synthesis of new PUs or before reprocessing postconsumer
PUs.'*"*’ The incorporated catalysts trigger dynamic
carbamate exchange reactions at elevated temperatures
(typically 180—220 °C), enabling these PU CANSs to reshape
under stress like thermoplastics during conventional melt-state
processing such as compression molding and twin-screw
extrusion, °~ similar to many other CANs and vitrimers.”*~*'
In contrast, at lower service temperatures, these PU CANs
maintain network structures and thermomechanical robustness
like traditional PU thermosets."”~>* With this approach,
Dichtel and co-workers reprocessed waste cross-linked PUs
(e.g., PUFs) into recycled PU films/filaments with equivalent
network structures and properties, through a bulk (i.e., solvent-
free), continuous twin-screw extrusion process.21 More
recently, they further demonstrated a circular foam-to-foam
recycling process, which simultaneously combines twin-screw
extrusion with foaming to convert originally cross-linked PUFs
into next-generation cross-linked PUFs with comparable
porous microstructures and compression properties.22

Despite the advantages of this dynamic carbamate exchange-
enabled recycling approach, including circularity and high
energy/atom efliciency, previous studies have been limited to
thermoset-to-thermoset reprocessing of PU CANs.'*™>” The
percolated network structures and associated high viscosities of
these PU CANs pose challenges to their processing and
engineering for certain applications that require low-viscosity
liquid precursors, such as coatings, adhesives, and seal-
33242 Of greater utility would be a scalable recycling/
upcycling strategy that can convert postconsumer cross-linked
PUs into a library of materials/products with similar or even
higher values for diverse applications. For example, it would be
attractive if one can upcycle waste cross-linked PUs into readily
processable/soluble and functionalized PUs toward high-end
specialty applications, such as photocurable liquid PU resins
that can be used for conformal coatings and vat photo-

ants.

Carbamate exchange

—_— .
———
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polymerization-based additive manufacturing (i.e., 3D print-
ing) 3424

Herein, we report a catalytic decross-linking extrusion
process aided by small-molecule carbamate decross-linkers,
which recycles/upcycles cross-linked PU thermosets into a
library of processable and functional thermoplastic PUs in a
solvent-free and high-throughput manner. In this one-step
process, small-molecule carbamates undergo fast, catalyzed
carbamate exchange reactions with cross-linked PU feedstocks
(both films and foams) during catalytic reactive extrusion
(Scheme 1), serving as end-capping reagents to rapidly
decrease cross-link density and ultimately deconstruct PU
networks into low-viscosity, solution-processable decross-
linked PU chains. Importantly, simultaneous functional design
of these small-molecule carbamate decross-linkers enables
facile installation of desired chain-end functionalities onto the
resulting decross-linked PUs for target applications, such as
methacrylate-functionalized PU chains for subsequent photo-
curing. The process demonstrated herein represents an
alternative strategy capable of transforming waste PU
thermosets at scale into value-added thermoplastic PU
feedstocks, which can be directly utilized without further
purification for diverse applications including adhesives,
photoresins for coatings/3D printing, and stimuli-responsive
materials. This methodology is particularly attractive for
sustainable PU recycling/upcycling, considering its advantages
including relatively mild reaction conditions, fast reaction rates,
compatibility with the well-established polymer processing
equipment, and highly modular structure—property—function
relationships of the recycled/upcycled PU products.

All the small-molecule carbamates listed in Table 1 (except for M4)
were synthesized in a similar manner by reacting monofunctional
isocyanates with monofunctional alcohols (10 mol % excess). In a
typical synthesis of the model small-molecule carbamate M1 in Table
1, stearyl alcohol (12.5 g, 46.2 mmol) was first dissolved in anhydrous
tetrahydrofuran (THF; 100 mL) in a round-bottom flask equipped
with a magnetic stir bar, rubber septa, nitrogen inlet, and nitrogen
outlet, which was held at 0 °C in an ice bath. Phenyl isocyanate (5.0 g,
42.0 mmol) and DBTDL (0.133 g, 0.21 mmol, 0.5 mol % of the total
amount of isocyanate groups) were then added to the flask, and the
resulting mixture was allowed to react for 2 h before precipitation into
methanol (1 L). The precipitated products were collected by filtration
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Table 1. Small-Molecule Carbamates Synthesized and Used
as Decross-Linkers in This Study, Highlighting Their
Molecular Structures, Melting Points (T,,) Measured by
DSC, and Onset Temperatures of Volatilization/
Decomposition (T,/,) Measured by TGA. (Melting of F2 is
Not Detected during DSC Heating Scan up to 120 °C.)

T, values T, values

Small-molecule Molecular

by DSC by TGA
carbamates structures (& 1°C) (& 3°C)
M1 H
N_O
(Stearyl N-pheny ©/ Y VH,: 78 178
carbamate) ¢}
M2 H
N.__O.
(Stearyl N-cyclohexyl O’ i \’("1\6 70 180
carbamate) o
s N \)@
(Benzyl N-cyclohexyl N\n,o 92 152
carbamate) 0
M4 JOL
(Stearyl N-butyl PR 0/\9’ 68 141
carbamate) H 16
fh (L o
(HEMA N-phenyl Y \/\o)l\n/ 60 211
carbamate) o
e O
(Anthracenemethanol H o O - 189
N-phenyl carbamate) ©’ hig O
o]
90 173

carbamate)

F3 H
(Cinnamyl N-phenyl Tro NS
[}

and rinsed with 500 mL methanol, followed by vacuum drying at 40
°C for 6 h to yield white crystalline solids at room temperature.
Supporting Information provides the detailed synthesis procedures for
all the small-molecule carbamates in Table 1, together with their
characterizations by Fourier-transform infrared (FTIR) spectroscopy,
nuclear magnetic resonance (NMR) spectrometry, differential
scanning calorimetry (DSC), and thermogravimetric analysis (TGA)
(Schemes S1—S7 and Figures S1—S7).

Cross-linked PU films and foams were decross-linked by small-
molecule carbamates through bulk-catalyzed carbamate exchange
reactions in a twin-screw extruder. In a representative model PU film
decross-linking experiment using M1 (Table 1), dry model cross-
linked PU films (3.500 g, containing 8.2 mmol of carbamate linkages)
were ground and fed into an Xplore microcompounder (5 mL
capacity, recirculated twin-screw extrusion design) held at 165 + 10
°C, together with M1 (1.069 g, containing 2.74 mmol of carbamate
linkages; 25.0 mol % of the total carbamate linkages in both small-
molecule carbamate decross-linkers and model cross-linked PU films)
and DBTDL catalysts (0.277 g, 0.44 mmol, 4.0 mol % of the total
carbamate linkages in the feed mixture). The feed materials were
mixed at 150 rpm for 8 min under a nitrogen atmosphere before
extrusion, affording homogeneous, transparent, and low-viscosity
liquid extrudates light tan in color. The resulting extrudates were
either used/characterized as extruded or after dialysis purification
using cellulose tubing with a 3 kg mol™' molecular weight cutoff.
Supporting Information provides the detailed procedures for the
syntheses of model cross-linked PU films/foams and the decross-
linking extrusion experiments using all the small-molecule carbamates
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listed in Table 1, together with their FTIR, NMR, DSC, TGA, and
rheological characterizations (Schemes S8—S17 and Figures S8—524).
Supporting Information also describes preliminary decross-linking
extrusion tests under various processing conditions such as extrusion
temperature, reaction time, catalyst concentration, and small-molecule
carbamate decross-linker loading.

Table 1 compiles the small-molecule carbamates synthesized
and used as decross-linkers in this study, which are stearyl N-
phenyl carbamate (noted as Ml1), stearyl N-cyclohexyl
carbamate (M2), benzyl N-cyclohexyl carbamate (M3), stearyl
N-butyl carbamate (M4), hydroxyethyl methacrylate N-phenyl
carbamate (F1), anthracenemethanol N-phenyl carbamate
(F2), and cinnamyl N-phenyl carbamate (F3). M1 serves as
a model small-molecule carbamate decross-linker for establish-
ing the catalytic decross-linking extrusion process and studying
key reaction parameters. M2, M3, and M4 are selected to study
how small-molecule carbamates’ steric and electronic struc-
tures affect the overall PU decross-linking extrusion process,
while F1, F2, and F3 are used to simultaneously incorporate
chain-end functionalities including methacrylate, anthracene,
and stilbene groups.

Specifically, all the small-molecule carbamates listed in Table
1 (except for M4) were synthesized by reacting monofunc-
tional isocyanates with monofunctional alcohols (10 mol %
excess), followed by precipitation and drying (see Supporting
Information for synthesis and purification details). Notably,
M4 was synthesized using carbonyl diimidazole, demonstrating
an alternative isocyanate-free route to these small-molecule
carbamate decross-linkers.***” 'H and 3C NMR as well as
FTIR analyses (Figures S1—S7) of these synthesized small-
molecule carbamates confirm their expected chemical
structures, as shown in Table 1. All these small-molecule
carbamates are solids at room temperature and report melting
points (T,,) between 60 and 92 °C (except F2), as measured
by DSC (Figures S1—S7). In addition, they report onset
temperatures of volatilization/decomposition (noted as T,/4)
between 141 and 211 °C, as measured by TGA (Figures S1—
S7).

A catalytic PU decross-linking process was achieved by reactive
extrusion of cross-linked PU with small-molecule carbamate
decross-linkers to induce simultaneous network deconstruction
and chain-end functionalization during melt-state processing in
a solvent-free manner. The initial model cross-linked PU films
were prepared by step-growth polymerization of a stoichio-
metric alcohol/isocyanate (—OH/—NCO) mixture of poly-
ethylene glycol-based triol and 2,4-toluene diisocyanate
(toluene diisocyanate (TDI)) at room temperature under a
nitrogen atmosphere.”® Cross-linking of these model PU films
is confirmed by their insolubility and swelling behavior in
dichloromethane. Quantitative swelling tests of these model
cross-linked PU films report a relatively high gel fraction of
~95 wt %, in agreement with the nearly full consumption of
—OH and —NCO groups after polymerization, as measured by
FTIR (Figure S8). Consistently, rheological frequency sweep
of these model PU films at room temperature reveals an elastic
shear modulus (G’) plateau at low frequency (Figure S8),
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Figure 1. Decross-linking extrusion of the model cross-linked PU film with small-molecule carbamate decross-linker M1: (A) extruder’s axial force
and the resulting extrudate’s gel fraction as functions of reaction time ¢ at 25.0 mol % M1 loading; (B) dynamic light scattering (DLS) spectra of
the decross-linked extrudates obtained at t = S, 8, and 13 min in (A); (C) extruder’s axial force and the resulting extrudate’s gel fraction as functions
of M1 loading at t = 8 min; and (D) DLS spectra of the decross-linked extrudates obtained with 9.6, 14.3, 25.0, and 33.3 mol % M1 in (C). The
scale bars in the inset photographs in (A) are S mm. The experimental errors in (A,C) are standard deviations from three measurements, which are

smaller than the symbol sizes.

characteristic of a cross-linked elastic solid.>! In addition, these
model cross-linked PU films report a glass transition
temperature (T,; measured by DSC) of ~—30 °C and
degradation temperature (Ty measured by TGA) of ~280
°C, respectively (Figure S8).

Catalytic PU decross-linking was carried out by feeding the
dry, ground model cross-linked PU films [average particle
diameter of 1.6 + 0.4 mm, as measured by scanning electron
microscopy (SEM); Figure S9], together with the target small-
molecule carbamate decross-linkers and DBTDL carbamate
exchange catalysts into a twin-screw extruder. The reactive
extrusion temperature was held at 165 + 10 °C throughout
this study, which is below the T 4 values of the small-molecule
carbamates in Table 1 (except for M3 and M4) and DBTDL
(>280 °C). It is noteworthy that all the small-molecule
carbamates fed into the extruder exhibited no or negligible
weight loss due to volatilization/decomposition during reactive
extrusion in the tightly sealed extrusion chamber. It is also
noteworthy that DBTDL can be replaced by lower-toxicity
catalysts such as zirconium(IV) acetylacetonate [Zr(acac),],
which have been recently demonstrated to be effective in
enhancing carbamate exchange rates.’”>” As these model
cross-linked PU film granules are heated inside the twin-screw
extruder, the reversible urethane dissociation and recombina-
tion enable the PU network to undergo deconstruction via
catalyzed carbamate exchange reactions with the small-
molecule carbamate decross-linkers.”"**

The fundamental principle of this small-molecule carbamate-
assisted PU decross-linking process builds on the reverse of the
classical Flory—Stockmayer “gelation” theory,”>> which
predicts the minimum level of branch unit incorporation or
conversion to achieve a percolated network, i.e., gelation,
during step-growth polymerization.”*® Herein, any small-
molecule carbamate decross-linker in Table 1 can be treated as
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a stoichiometric mixture of monofunctional alcohols and
monofunctional isocyanates at full functional group con-
version, while the model cross-linked PU film can be treated
as a stoichiometric mixture of trifunctional alcohols (i.e., cross-
linker or branch unit; functionality f = 3) and difunctional
isocyanates at full functional group conversion. The ratio
between the added small-molecule carbamate decross-linkers
and the model cross-linked PU dictates the probability of a
cross-linker leading to another cross-linker by a chain (a; also
known as branching coefficient) in an equivalent polymer-
ization mixture comprising equimolar monofunctional alcohols
and isocyanates as well as stoichiometrically balanced trifunc-
tional alcohols and difunctional isocyanates. In order for
complete deconstruction of the originally cross-linked PU, i.e.,
no percolated network formation in the equivalent polymer-
ization mixture, @ must be smaller than the critical value for
gelation, a,, where a. = 1/(f — 1) = 0.5 in this study. Based on
this simple analysis, the amount of small-molecule carbamate
decross-linkers required to deconstruct the model cross-linked
PU is ~30 mol % relative to the total amount of the carbamate
linkages in the entire feed mixture (see Supporting Information
for full derivations).

It is noteworthy that this simple theoretical analysis is
expected to overestimate the amount of small-molecule
carbamate decross-linkers required to deconstruct the PU
network. This is because the classical Flory—Stockmayer
theory builds on simplified assumptions of equal functional
group reactivities and ignores potential intramolecular
reactions leading to loops that do not contribute to network
formation.”"**7>¢

Our initial decross-linking extrusion experiments focused on
a model system comprising 3.500 g of model cross-linked PU
films (8.2 mmol of carbamate linkages), 1.069 g of model
small-molecule carbamates M1 (2.74 mmol of carbamate
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linkages; 25.0 mol % of the total number of carbamate linkages
in the feed mixture, greater than the required decross-linker
amount predicted above), and 0.277 g of DBTDL catalysts
(4.0 mol % of the total number of carbamate linkages). Figure
1A (top) plots the evolution of the extruder’s axial force, a
measure of the reaction mixture’s viscosity, with increasing
mixing time t, which decreases steadily from ~800 N at t = 0
min to ~0 N at ¢t & 3 min. In contrast, the same mixture
without the incorporation of DBTDL exhibits a nearly
unchanged axial force at ~800 N over time under the same
mixing conditions, indicating that carbamate exchange catalysts
are indeed required to catalyze the reactions between cross-
linked PU and small-molecule carbamate decross-linkers.

Qualitatively consistent with the decreasing trend of
extruder’s axial force with increasing t, the corresponding PU
extrudates obtained after catalytic extrusion appear as
heterogeneous, light tan-colored solids at shorter ¢, but they
transform into homogeneous, transparent, and viscous liquids
light tan in color at longer t (Figure 1A bottom; inset
photographs). Quantitatively, Figure 1A (bottom) plots the t-
dependent gel fraction of the resulting extrudates, which
decreases from ~95 wt % at t = 0 min to ~0 wt % at t = S min.
This indicates the complete deconstruction of cross-linked PU
networks at or after t = S min into decross-linked (linear or
branched) PU chains that are completely soluble in THF
(Figure 1B; inset photograph). Consistently, rheological
frequency sweep of the extrudates obtained after reacting for
8 min confirms complete PU network deconstruction; i.e.,
their G’ and G” moduli at 80 °C (where the hydrogen bonding
between carbamate linkages is relatively weak®”>®) exhibit
liquid-like scaling at low frequency (Figure S11).”' Notably,
the FTIR spectra of the resulting decross-linked extrudates
resemble those of initial feed mixtures (Figure S11), both
showing characteristic peaks for urethane linkages and no
evidence for new chemical bond formation. In addition, NMR
analyses of the resulting extrudates in the Supporting
Information confirm the complete deconstruction of cross-
linked PU and the conservation of carbamate linkages after
decross-linking extrusion. All these results are consistent with
the PU network deconstruction mechanism/process through
catalyzed carbamate exchange reactions with small-molecule
carbamate decross-linkers.

Figure 1B compiles the corresponding DLS spectra for dilute
THEF solutions of the decross-linked PU extrudates in Figure
1A. According to Figure 1B, these extrudates’ hydrodynamic
diameter (D) distribution curves shift to smaller sizes and
become narrower with increasing t. Specifically, the Dy
distribution at t = S min appears relatively broad spanning
from ~2 to ~12 nm and then becomes narrower ranging from
~2 to ~8 nm after reacting for 8 and 13 min. Correspondingly,
the peak Dy, values initially decrease from ~4 nm at t = S min
to ~3 nm at f = 8 min and then remain nearly unchanged at t =
13 min. It is well established in the literature that a smaller D,
value corresponds to a lower molecular woe,ight.SI’S()_62 For
example, size exclusion chromatography (SEC) estimates a
number average molecular weight (M,,) of ~27 kg mol™" for
the decross-linked PU extrudate obtained after reacting for 8
min (see Supporting Information for more SEC details). It is
important to note that SEC characterizations might be
convoluted by the complications from decross-linked PU
extrudates’ branched architectures and intramolecular hydro-
gen bonding interactions.” "> Collectively, DLS and SEC
indicate that the decross-linked PU extrudate’s molecular
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weight and its distribution (i.e., width of the D, distribution or
breadth of the SEC elution peak) continue to evolve until ¢ ~ 8
min, at which the catalyzed carbamate exchange reactions in
this system likely have reached an equilibrium state.

Importantly, this small-molecule carbamate-assisted PU
decross-linking process is highly modular. For example, while
keeping other process parameters constant, i.e., catalyst loading
=4.0 mol %, T = 165 + 10 °C, and t = 8 min, increasing the
loading of model small-molecule carbamates M1 from 2.6 to
9.6 mol % leads to respective decreases in the extruder’s axial
force from ~170 to ~0 N and the gel fraction of the resulting
PU extrudates from ~64 to ~0 wt % (Figure 1C). As expected,
the experimental critical loading of small-molecule carbamate
decross-linkers at which cross-linked PU fully deconstructs
(~10 mol %, when the resulting extrudates’ gel fraction drops
to ~0 wt %) is much lower than that predicted by our simple
Flory—Stockmayer-like analysis (~30 mol %; see discussion
above and Supporting Information).

Further increasing the M1 loading from 9.6 to 33.3 mol %
leads to a consistent reduction in the resulting decross-linked
PU extrudates’ molecular weight, according to their DLS
characterizations as shown in Figure 1D. As a result, the final
material properties of these decross-linked PU extrudates,
including Ty, rheological properties, and adhesion strength (see
Figure S12 and Section 3.4.1 below), can be systematically
tuned over a wide range. For example, as shown in Figure S12,
the decross-linked PU extrudates’ zero-shear melt viscosities at
80 °C decrease from ~20 Pa-s at 14.3 mol % M1 loading to ~2
Pa s at 33.3 mol % M1 loading, consistent with the well-
established relationship between molecular weight and melt
viscosity in the literature.”"**

Having established a model PU network deconstruction
process in Section 3.2, we set out to test the versatility/
generalizability of this decross-linking extrusion approach, by
extending to other small-molecule carbamate decross-linkers,
an aliphatic cross-linked PU, and cross-linked PUFs.

3.3.1. Extension to Other Small-Molecule Carbamate
Decross-Linkers. We first extended our approach to decross-
link the same model cross-linked PU films using other small-
molecule carbamate decross-linkers listed in Table 1 while
keeping the rest of the reactive extrusion conditions the same,
i.e., decross-linker loading = 25.0 mol %, DBTDL loading = 4.0
mol %, T = 165 + 10 °C, and t = 8 min. A notable small-
molecule carbamate decross-linker is F1, which contains a
reactive methacrylate group. When F1 was employed as a
decross-linker, we intentionally introduced an excess amount
of butylated hydroxytoluene (BHT; molar ratio between BHT
and methacrylate groups = 1.6:1) to completely suppress any
unwanted methacrylate chain-growth homopolymerization
during reactive extrusion.”* Note that the BHT loading during
decross-linking extrusion will be optimized in our future
studies.

Promisingly, all the resulting PU extrudates after the
decross-linking reaction appear as homogeneous and trans-
parent liquids at extrusion temperature, exhibiting no or
negligible (<1 wt %) gel fraction, regardless of the small-
molecule carbamate decross-linkers tested in this study. (Note
that a <1 wt % gel fraction in the resulting decross-linked PU
extrudate corresponds to a depolymerization yield of >99%
after decross-linking extrusion.) Consistently, rheological
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Figure 2. Decross-linking extrusion of the model cross-linked PU film with various small-molecule carbamate decross-linkers: (A) DLS spectra of
the decross-linked extrudates obtained right after extrusion using M1—4 and F1—3 at t = 8 min and (B) FTIR spectra of these decross-linked
extrudates after dialysis. The gray- and pink-shaded regions in (B), respectively, highlight the characteristic peaks for carbamate linkages and
different chain ends from M1—4 and F1—3. The triangles in (B) point at the characteristic peaks for methacrylate, anthracene, and stilbene groups
(see zoom-in FTIR spectra in Supporting Information for better visualization).

frequency sweep experiments on these extrudates confirm their
decross-linked structures. The DLS spectra of all these as-
obtained decross-linked PU extrudates in Figure 2A show Dy,
distributions with peak values varying from ~2.7 to ~4.2 nm,
indicating that the small-molecule carbamate’s steric/chemical
structure and/or functionality may slightly impact the
carbamate exchange decross-linking reaction characteristics.
Figure 2B compiles the FTIR spectra of these decross-linked
PU extrudates after dialysis to remove any residual small-
molecule carbamates, DBTDL catalysts, and other species like
BHT (see Supporting Information for dialysis details). As
shown in Figure 2B, all these decross-linked PU extrudates
show nearly identical characteristic peaks for carbamate
linkages, e.g., ~1720 cm™' for C=O0 stretch, ~1535 cm™’
for N—H bend, and ~1220 cm™! for C—O stretch,
respectively.”’ In addition, change in the molecular structures
of carbamate decross-linkers (M1—4 and F1-3) leads to
notably different FTIR signals in specific wavenumber ranges,
which arise from individual carbamate decross-linkers, in the
resulting decross-linked extrudates. For example, the aliphatic
M4-decross-linked extrudate exhibits much sharper sp* C—H
stretch peaks in the wavenumber range between 292S and
2845 cm ™' than those of the highly aromatic F2-decross-linked
extrudate (Figure 2B). Thus, the FTIR results indicate that
these small-molecule carbamate decross-linkers undergo
exchange reactions with the originally cross-linked PU, serving
as capping reagents that modify the chain ends of decross-
linked PU extrudates. Notably, a closer look at the FTIR in
Figure 2B confirms the successful installation of various
reactive functional groups onto decross-linked PU chains, i.e.,
the methacrylate group from F1, the anthracene group from
F2, and the stilbene group from F3 (Supporting Information).
Consistently, NMR characterizations of all these decross-linked
PU extrudates both before and after dialysis confirm the
complete deconstruction of cross-linked PU by small-molecule
decross-linkers through carbamate exchange reactions (Figures
S13—S19). These NMR results, together with SEC results
(Figure S20), provide a rough estimate of the average number
of functional groups installed onto each decross-linked PU
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chain after decross-linking extrusion under specific conditions
(See Supporting Information for more discussion).

Overall, it is demonstrated above that our catalytic PU
decross-linking extrusion approach can generalize to a wide
range of small-molecule carbamate decross-linkers having
various steric/electronic structures and reactive/functional
moieties. This paves the way for upcycling postconsumer
cross-linked PU thermosets into functional PU thermoplastics
for potential value-added applications (see Section 3.4).

3.3.2. Extension to Model Aliphatic Cross-Linked PU.
We then extended our approach to decross-link a model
aliphatic cross-linked PU synthesized using hexamethylene
diisocyanate (HDI). Compared to those synthesized with
aromatic diisocyanates like TDI, which suffer from aromaticity-
induced yellowing, aliphatic PUs offer enhanced weather
resistance and color stability for outdoor/coating applica-
tions.**®” For demonstration, model aliphatic cross-linked PU
films were prepared by step-growth polymerization of a
stoichiometric alcohol/isocyanate (—=OH/—NCO) mixture of
the same triol, as shown in Section 3.2, and HDI, in the
presence a catalytic amount of DBTDL (0.5 mol % of the total
—OH groups) at room temperature (see Supporting
Information for details). Swelling tests of these model aliphatic
PU films in dichloromethane confirm their cross-linking and
report a gel fraction of ~92 wt %. DSC reports a T, of ~—44
°C for these aliphatic cross-linked PU films (Figure S21), ~15
°C lower than that of the ones synthesized using aromatic TDI
(Figure S8).

Promisingly, the decross-linking extrusion conditions of
these aliphatic cross-linked PU films closely mirrored those of
their aromatic counterparts, i.e., 25.0 mol % M1, DBTDL
loading = 4.0 mol %, T = 165 + 10 °C, and ¢t = 8 min.
Similarly, the resulting extrudates were decross-linked and
soluble in THF, reporting a negligible gel fraction.

Overall, it is demonstrated above that our catalytic PU
decross-linking extrusion approach can be extended to decross-
link aliphatic PU networks in an effective manner, expanding
the library of feedstock cross-linked PUs for this approach.
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Figure 3. (A) Schematic diagram showing that model cross-linked PU foam undergoes small-molecule carbamate-assisted decross-linking extrusion
to form decross-linked PU extrudate soluble in THF; (B) representative SEM image of the model cross-linked PU foam in (A); and (C) DLS
spectrum of a dilute solution of the resulting M1-decross-linked extrudate in THF.
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Figure 4. (A) Lap shear test assembly for measuring the shear adhesion strength of decross-linked PU extrudates; (B) room-temperature lap shear
adhesion strength of the M1-decross-linked model PU film extrudates obtained at various decross-linker loadings; (C) room-temperature G’ vs
frequency, and (D) room-temperature viscosity vs shear rate dependences for the decross-linked PU extrudates in (B). The error bars in (B) are

standard deviations from five measurements.

3.3.3. Extension to Model Cross-Linked PUFs. We
finally extended our approach to decross-link a model cross-
linked PUF. PUFs are of interest because they comprise ~70%
of the entire PU market.® Herein, model cross-linked PUFs
(Figure 3A) were synthesized by step-growth polymerization
of a slightly off-stoichiometric mixture of the same triol and
TDI, as shown in Section 3.2, (—OH/—NCO = 1:1.05) in the
presence of catalytic amounts of DBTDL (0.5 mol % of the
total —OH groups) and H,0 (30 mol % of the total —OH
groups) as a chemical blowing agent. In addition to the —OH/
—NCO reactions between triol and TDI, H,O reacts with the
isocyanate to form carbamic acid, which then decarboxylates to
produce a primary amine while releasing gaseous CO, to
trigger the subsequent foaming process.” These amines can
further react with isocyanate groups to produce urea linkages
in the synthesized model PU foam. According to SEM
characterizations, the synthesized model PUFs show a
semiopen cell geometry with an average cell diameter of 550
+ 130 um (Figure 3B). In addition, swelling tests on this
model PU foam confirm its cross-linking nature and report a
relatively high gel fraction of ~96 wt %, consistent with the
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nearly full functional group conversion measured by FTIR
(Figure $22). This model cross-linked PU foam reports a T, of
~—26 °C by DSC (Figure S22), slightly higher than that of the
model cross-linked PU film. In addition, it reports a T4 of
~275 °C by TGA (Figure S22), nearly identical to that of the
model cross-linked PU film.

Similarly, complete network deconstruction of this model
cross-linked PU foam was achieved by reactive extrusion of the
ground foams (average particle diameter of 1.4 + 0.7 mm;
measured by SEM; Figure $23) in the presence of 25.0 mol %
M1 under nearly identical reaction conditions, i.e, DBTDL
loading = 4.0 mol %, T = 165 + 10 °C, and ¢t = 8 min. The
resulting decross-linked extrudate is soluble in THF (Figure
3A), whose DLS spectrum reports a Dy, distribution with a
peak centered at ~3.6 nm (Figure 3C). Consistently,
rheological frequency sweep experiments and FTIR/NMR
analyses on the resulting extrudates confirm the complete
network deconstruction of this model cross-linked PU foam
after small-molecule carbamate-assisted decross-linking extru-
sion (Figure S24).
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Figure S. (A) Schematic diagram showing that the upcycled PU-methacrylate liquid photoresin undergoes UV curing at room temperature to form
a cross-linked PU-methacrylate network solid film; (B) evolution of G’ and G” of this PU-methacrylate photoresin during UV curing, where UV
light is turned on 2 s into the rheological run and G’ and G” cross over after ~4 s of UV irradiation; and (C) FTIR spectra of this PU-methacrylate
photoresin before and after UV curing, together with a F1 control spectrum to demonstrate the disappearance of the methacrylate groups in the

PU-methacrylate photoresin after UV curing.

Overall, these results demonstrate that our catalytic PU
decross-linking extrusion approach can be extended from
cross-linked PU films to PUFs that have additional porous
structures and polyurea microdomains, without sacrificing the
decross-linking efficiency of this dynamic carbamate exchange-
based approach. This represents a promising route to recycle/
upcycle postconsumer/waste cross-linked PUFs in a solvent-
free and relatively high-throughput manner.

Sections 3.2 and 3.3 have demonstrated that our platform
small-molecule carbamate-assisted decross-linking extrusion
approach can simultaneously deconstruct PU networks and
functionalize the resulting decross-linked PU chains. This
section highlights three potential applications of these decross-
linked and functionalized PU products, ie., adhesives,
photoresins, and stimuli-responsive materials, with an emphasis
on their structure—property—function relationships.

3.4.1. Adhesives. PUs offer good adhesion with a wide
range of substrates, including metals, plastics, wood, glass, and
ceramics, mainly due to the strong hydrogen bondin
capabilities of the polar sites on their carbamate linkages.®
For adhesive application demonstration, the M1-decross-linked
PU film extrudates obtained at various decross-linker loadings,
as shown in Section 3.2, were selected for adhesion tests.
Specifically, these as-obtained model M1-decross-linked PU
extrudates, without any additional purification/formulation,
were directly sandwiched between two fresh microscope glass
slides to form an assembly, as shown in Figure 4A (see
geometry details in Figure S25). Their room-temperature
overlap shear adhesion properties were tested by a tensile
tester at a rate of S mm min~',”*”" and the measured lap shear
strength values are plotted in Figure 4B.

According to Figure 4B, the lap shear adhesion strength of
M1-decross-linked PU film extrudates increases from ~39 to
~215 kPa as the M1 loading increases from 14.3 to 33.3 mol
%. We attribute this increase to a larger concentration of
carbamate linkages capable of hydrogen bonding in the
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decross-linked PU extrudate obtained at a higher M1 loading,
thus enhancing its lap shear adhesion strength. One evidence
for this is that these PU extrudates’ G’ (Figure 4C) and
viscosity (Figure 4D) at room temperature (where the
hydrogen bonding between carbamate linkages is relatively
strong) increase with increasing M1 loading, although decross-
linked PUs” molecular weight and thus melt viscosity at 80 °C
decrease with increasing M1 loading (Figure S12), as already
discussed in Section 3.2.

Overall, these results demonstrate that the adhesion
performance of these decross-linked PU extrudates can be
systematically controlled by simply varying the loading of
small-molecule carbamate decross-linkers. Future studies are
warranted to further enhance the hydrogen bonding and thus
the adhesion properties of these decross-linked PU extrudates
to enable real-world adhesive applications, potentially through
structural design of small-molecule carbamate decross-linkers.

3.4.2. Photoresins. As already established in Section 3.3.1,
methacrylate groups can be covalently attached onto the
decross-linked PU extrudates using our platform decross-
linking extrusion approach, which can serve as reactive
moieties for subsequent thermal or photochemical curing
processes.”””> For photoresin application demonstration, the
methacrylate-functionalized PU extrudates after dialysis were
combined with 3 wt % radical photoinitiators, and the resulting
mixture was cured at room temperature under ultraviolet (UV)
light irradiation at an intensity of 9.8 mW cm ™ (Figure SA and
Supporting Information). Promisingly, this PU-methacrylate
photoresin exhibits relatively fast curing kinetics, reporting a
crossover of G’ and G” (also known as the gel point’*) after
~4 s of UV light irradiation (Figure SB). After photocuring for
1S s at room temperature, the characteristic FTIR peak of the
methacrylate group in the Fl-decross-linked PU extrudate
nearly disappeared due to methacrylate homopolymerization
(Figure SC). As a result, the liquid PU-methacrylate
photoresin transforms into a cross-linked solid (Figure SA),
reporting a gel fraction of ~90 wt %. In addition, these
photocured samples report increased T, and Ty values after

g
methacrylate homopolymerization (Figure $26). Notably,
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Figure 6. (A) Scheme showing that anthracene-functionalized chains can undergo dimerization under low-energy UV light irradiation to form
anthracene-dimer linkages between chains, which are able to revert to free anthracene groups upon heating or high-energy UV light irradiation; (B)
schematic diagram showing that liquid anthracene-functionalized PU extrudates transform into cross-linked PU films insoluble in dichloromethane
(DCM); and (C) FTIR spectra of this PU-anthracene extrudate before and after UV irradiation, demonstrating anthracene dimerization.

these photocured PU-methacrylate networks comprise >90 wt
% of PU segments and should be able to undergo stress
relaxation or self-healing through dynamic topological
rearrangement/reconfiguration among PU segments in the
presence of carbamate exchange catalysts."’

Overall, these results demonstrate that our PU network
decross-linking extrusion approach can produce reactive
(meth)acrylate-functionalized PU thermoplastics that can
hold promise for applications including coating, packaging,
and 3D printing.’”**~*" Currently, our group is optimizing
these upcycled PU photoresins for vat polymerization-based
3D printing processes,””**™*" which can fabricate next-
generation PUFs with well-controlled and programmable
porous structures.

3.4.3. Stimuli-Responsive Materials. As already estab-
lished in Section 3.3.1, our catalytic PU decross-linking
extrusion approach can lead to PU chains functionalized with
anthracene and stilbene groups, both of which are highly
attractive in the field of stimuli-responsive materials.” ™" For
example, anthracene groups are known to undergo efficient [4
+ 4]-cycloaddition under low-energy UV light (4 > 300 nm)
irradiation, forming anthracene-dimers that can reversibly
cleave into free anthracenes, by either high-energy UV light
(4 < 300 nm) irradiation®" or high-temperature annealing
(Figure 6A).*" For demonstration, the anthracene-function-
alized PU extrudate after dialysis was irradiated with 4 > 300
nm UV light and an intensity of 1.8 W cm™* (Figure 6B). After
photocuring for ~1 h, the anthracene groups in the F2-
decross-linked PU extrudate report a conversion of ~90%, as
measured by FTIR (Figure 6C). As a result of photo-
dimerization, this anthracene-functionalized PU transitions
from a liquid to an insoluble cross-linked solid (Figure 6B)
reporting a gel fraction of ~95 wt %. Similarly, the photocured
sample reports an increased T, after anthracene dimerization
(Figure S27). Importantly, the formed anthracene-dimer
linkages can reversibly cleave and revert to free anthracene
groups after heating above ~200 °C.”’

Opverall, these results demonstrate that our platform decross-
linking extrusion approach can enable the upcycling of cross-
linked PU networks into functional thermoplastic PUs
comprising various stimuli-responsive groups, which can be
subsequently used for fabricating self-healing materials or
dynamic CANs.*>*?

In conclusion, this study reports a solvent-free and scalable
decross-linking extrusion approach that can recycle/upcycle

PU thermosets into low-viscosity, functional PU thermo-
plastics. This process exploits the use of small-molecule
carbamate decross-linkers to simultaneously deconstruct
cross-linked PUs and functionalize the decross-linked PU
chains, through catalyzed carbamate exchange reactions in a
twin-screw extruder. This small-molecule carbamate-assisted
PU decross-linking extrusion approach offers several advan-
tages: (1) it requires relatively mild reaction conditions,
ensures fast reaction rates, and is compatible with the well-
established polymer processing equipment; (2) it is versatile
and generalizable to cross-linked PUs having various backbone
chemistries (e.g., aromatic and aliphatic backbones) and form
factors (e.g, films and foams) as well as small-molecule
carbamate decross-linkers having various steric/electronic
structures and chemical functionalities (e.g., methacrylate,
anthracene, and stilbene groups); (3) it is highly modular, and
one can systematically control the structure—property—
function relationships in the resulting decross-linked PU
extrudates by varying process parameters such as decross-
linker loading; and (4) it is potentially capable of transforming
postconsumer PU thermosets at scale into a library of low-
viscosity and value-added thermoplastic PU feedstocks for
diverse applications, including adhesives, photoresins, and
stimuli-responsive materials. Therefore, we expect that this PU
recycling/upcycling approach will help foster a more
sustainable and circular PU ecosystem. We also expect that
this decross-linking extrusion approach can serve as a platform
to potentially transform many other step-growth networks
(e.g, polyureas and polyesters) into a multitude of specialty
polymers, thus providing alternative green chemistry solutions
toward the growing economic/environmental concerns of
plastic waste management.
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