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The Bigger Picture

Covalent Adaptable Networks (CANs) have recently seen intense research interest due to their promise
as next-generation sustainable materials. Although CANSs are typically synthesised from monomers,
post-polymerisation functionalisation could be beneficial, especially when the monomers face
compatibility issues with polymerisation conditions. This work showcases perfluorophenylazide-
derived nitrene chemistry as a universal, non-specific crosslinking agent to transform a broad scope of
thermoplastics, including poly(olefins), into CANs. Crosslinking with dynamic bonds imparted
enhanced mechanical strength, solvent and dimensional stability, as well as self-healability and
recyclability to the networks.

We envision that this strategy can be applied to develop new stimuli-responsive crosslinked materials
with improved plastic circularity. Post-polymerisation functionalisation can also be applied to valorise
waste plastic feedstocks, enabling recycling or upcycling efforts, thereby contributing towards United
Nations Sustainable Development Goals (UN SDGs) of responsible consumption and production (UN
SDG 12) and climate action (UN SDG 13).

Summary

Covalent Adaptable Networks (CANSs) are polymers crosslinked via dynamic covalent bonds (DCB),
endowing the networks with both thermoset-like stability and thermoplastic-like recyclability. Although
post-polymerisation crosslinking of thermoplastics is an efficient strategy to form CANSs, the process is
non-trivial, especially for poly(olefins) which have low functionality and fully hydrocarbon backbone.
Herein, we introduce perflurophenylazide-based nitrene crosslinkers to install disulfide, imine, and
acetal DCBs into poly(olefins) and other thermoplastics, thereby converting them into CANS.
Crosslinking was effective for a wide range of thermoplastics, imparting both dimensional and solvent
stability. The resultant CANs could also exhibit enhanced mechanical performance, such as doubling
of tensile toughness and self-healing ability. Unlike traditional thermosets, the DCBs enabled these
CANs to be chemically and/or mechanically recycled multiple times. This methodology has the
advantage of utilising existing and even postconsumer plastic blends as starting materials, improving
their thermomechanical properties while maintaining closed-loop recyclability of these circular

polymers.
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Introduction

Covalent Adaptable Networks (CANs) are a class of new-generation polymers which have the potential
to combine the recyclability of thermoplastics with the superior mechanical properties of thermosets'
This is achieved by their dynamic covalent bonds (DCBs), which allow for topological rearrangement
mediated by exchange reactions.* Driven by both environmental concerns®® and material properties,
the field of CANs has received tremendous research interest within the last decade,”'® with
developments expanding the scope of DCBs, polymers, starting materials, and their corresponding
applications.">!! Broadly speaking, CANs can be prepared either from monomeric or polymeric starting
materials. When building from monomers, crosslinks of existing thermosets can be modified to
incorporate DCBs (Figure 1ai). This strategy is typified by acrylate-type polymers as well as some
epoxy type polymers.'>!3 Alternatively, the DCBs can be formed during the polymerization process,
and thus be directly incorporated into the backbone of the polymer network (Figure 1aii).!*!* In recent
years, there has also been interest in converting existing thermoplastics into CANs via a post-
polymerization approach (Figure laiii). This approach can be advantageous in allowing the valorisation
of waste plastic feedstock in either recycling or upcycling efforts, a key concern in today’s world.!'®!”
However, conversion of poly(olefins) into CANSs is challenging due to their inert hydrocarbon structure.
As such, crosslinking of poly(olefins) is typically achieved by radical-based reactive grafting using
reagents such as dicumyl peroxide or maleimide crosslinkers.'®?* Recently, taking inspiration from
Wulff’s group,”*** Chen and co-workers developed an alternate strategy to install DCBs into
poly(olefins) using diazirine moieties as carbene precursors.?® Unlike radical based chemistry, carbene
C-H insertion can be tuned to proceed via its singlet state,?® which does not typically suffer from
deleterious side reactions such as chain scission.

Besides radical and carbene based chemistry, another important approach towards non-specific
crosslinking is that of nitrene chemistry, with azidoformates?’ and phenyl azides*>° being common
precursors. Decomposition of the azide first gives rise to the singlet nitrene, which can perform alkyl
or aryl C-H insertion reactions.?® However, being a highly reactive species, nitrenes are able to undergo
a plethora of other reactions including ring expanded ketenimine reactions, C=C bond aziridination, or
undergo intersystem crossing to transpose into its triplet state, where it can participate in radical type
reactions such as proton abstraction or radical recombination reactions.?®3* Perfluorination of the
benzene ring was found to significantly increase the lifetime of the singlet nitrene and retard the
competing ketenimine isomerism, thus improving C-H insertion yields.?-** Optimisation and design of
the azide precursor allowed Ho and coworkers to utilize perfluorinated azides as highly efficient general
crosslinkers in conducting polymers*!** and thermoelectric devices.* Although these crosslinkers were
optimized for photo-crosslinking,*® azides can also be thermally activated to form the reactive nitrene.
Furthermore, the higher decomposition temperature of ~150 °C** compared to diazirines (~ 110 °C—
130 °C)*’ can be advantageous in preventing premature activation during polymer pre-processing.

In this work, we demonstrate the use of perfluorophenylazides (PFPA) as nitrene precursors for in-situ
crosslinking of thermoplastics to form CANs (Figures 1aiii, 1b).3® Through crosslinker design, we were
able to incorporate three different types of DCBs in short, high-yielding syntheses (Figure 1¢). Upon
thermal activation, these crosslinkers could crosslink a variety of thermoplastics, including fully
hydrocarbon poly(olefins) such as poly(ethylene) (PE) and poly(propylene) (PP), demonstrating the



utility of nitrene C-H insertion as a universal crosslinking strategy. The resultant CANs demonstrated
superior chemical and dimensional stability compared to the pristine thermoplastics and control
polymers, while still retaining chemical recyclability. The low-density PE (LDPE)-disulfide vitrimers
also exhibited intrinsic self-healing and mechanical reprocessability, as well as enhanced tensile
strength and elongation relative to pure thermoplastic LDPE. Reprocessing of these vitrimers was
tunable by addition of phosphine catalyst as demonstrated by small amplitude oscillatory shear (SAOS)
and stress relaxation experiments. Finally, we also explored conversion of postconsumer plastics blends
(LDPE/PP) into vitrimers. Excellent crosslinking efficacy was achieved even for the mixed plastics,
demonstrating the potential for upcycling plastic waste.

Nitrene activation and model studies

Three different PFPA-containing crosslinkers were synthesized in 2 steps from commercially available
starting materials. The disulfide (SS) crosslinker was synthesized from pentafluorobenzoyl chloride in
95% yield, while imine (Im) and spiroacetal (SpA) crosslinkers were synthesized from
pentafluorobenzaldehyde in 67% and 77% yields respectively (Figure 1c, SI Section 2.1-2.3).
Meanwhile, a static ester (Es) crosslinker was also synthesized as a control (SI Section 2.4). This
synthetic method is highly efficient compared to aziridine-based® carbene precursors (39%) or
azidoformate-based nitrene precursors?’ (4%) reported in literature. The PFPA group could lose N>
when triggered by ultraviolet (UV) or thermal activation, forming a reactive nitrene species. The
crosslinkers exhibited UV absorption bands between 250-280 nm (Figure S1) due to the PFPA
group;*®**? but UV activation was not pursued as we expect light penetration depth issues to limit
scalability. Instead, we investigated thermolysis of the azide group via thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to determine the activation temperature (Figures
S2-4, Table S1); the results indicate that 160 °C is sufficient to fully activate the PFPA groups to form
the reactive nitrene species.
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Figure 1. (a) Strategies to synthesize CANSs: (i) Polymerisation of co-monomers containing DCBs; (ii)
Polymerisation via formation of DCBs; (iii) Our work demonstrates the in situ conversion of
thermoplastics into CANs using PFPA-functionalised dynamic covalent crosslinkers; (b) Thermal
activation of PFPA groups form reactive nitrenes which undergo alkyl C-H insertion with thermoplastics



to form permanent amine bonds; during this process, DCBs are incorporated to form a CAN; (c)
Synthesis of (i) SS, (ii) Im and SpA crosslinkers in 2 steps each.

The reactive nitrene species could then insert into a C-H covalent bond to give a -NH-C bond linkage
(Figure 1b). This C-H insertion process is non-specific and thus high crosslinking efficiency could be
achieved approaching the theoretic limit of unity, meaning that one crosslink would be formed for each
crosslinker present in the matrix (at low crosslinker concentration).’® To demonstrate that crosslinking
could occur at this temperature without degradation of the crosslinker or dynamic bond, model studies
were conducted using cyclohexane as a molecular model for apolar poly(olefins). For crosslinkers SS
and SpA, the expected products were isolated (in 38% and 18% yield respectively) and confirmed by
nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass spectrometry (HRMS) (SI
Section 2.8), demonstrating the potential for crosslinking aliphatic polymers such as LDPE and PP.
Besides the expected C-H insertion product, the nitrene reaction (especially via thermal activation) is
also known to be complex, giving rise to other side products such as ketenimines (via ring expansion),
azobenzenes, and other radical reaction pathways (Scheme S5).2%3* Meanwhile, crosslinker Im gave a
low yield (<6%) with a mixture of various fluorinated products. This could be due to facile hydrolysis
of the imine bond,* releasing free amines that could undergo side reactions such as nucleophilic
aromatic substitution. Thus, recycling of the networks crosslinked with Im was not investigated.

Crosslinking thermoplastics to form CANs

We examined the scope of possible thermoplastics by reacting our 3 different crosslinkers with apolar
commodity poly(olefins) such as LDPE and PP, and polar biocompatible polymers such as
poly(ethylene oxide) (PEO) and poly(caprolactone) (PCL). The thermoplastics were dissolved in hot
solvents, followed by the addition of crosslinker with stirring and removal of solvent at 100 °C under a
stream of nitrogen. The temperature was kept below the PFPA activation temperature to prevent
formation of nitrene, which might react with the remaining solvent and lead to reduced crosslinking
efficiency. Subsequently, the polymer was dried at 110 °C under vacuum and then temperature was
raised to 160 °C for 10 hr to enable thermally activated crosslinking. Using this strategy, various
thermoplastics were crosslinked with either SS, Im or SpA at different weight percentages (wt%) with
respect to the polymer weight. Post-crosslinking, the polymer networks turned dark brown. This may
be attributed to the formation of side products of nitrene chemistry, such as azobenzenes, ketenimines,
and their related products, which are known to be deeply coloured.®3
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Figure 2. Gel fraction of (a) SS, (b) Im and SpA-crosslinked thermoplastics as a function of increasing
crosslinker wt%; (c) FTIR spectroscopy of pure LDPE, SS crosslinker and LDPE-SS-5 demonstrate
successful C-H insertion of SS crosslinker into LDPE polymer; (d) Raman spectroscopy of LDPE-SS-
X exhibit increasing S-S vibrations with increasing crosslinker wt%; (¢) DSC curves of LDPE-SS-X
exhibit decreasing AHy, with increasing crosslinker wt%; (f) Photographs demonstrate that LDPE-SS-
5 (left) retains its shape while pure LDPE samples (right) melt when heated to 130 °C on a hot plate.

Gel fraction tests were used to measure the degree of crosslinking for the various CANs. Focusing on
the polymers crosslinked with SS, high gel fractions were observed for PP and PCL polymers (>85%)
with just 5 wt% SS added, indicating good crosslinking efficacy (Figure 2a). For LDPE, a low gel
fraction of 33 + 6% was obtained with 1 wt% SS, which increased to 49 + 8% at 2.5 wt%. However,
there was no significant increase in gel fraction even up to 20 wt% SS (51 + 7%). Compared with PP,
this observation may be attributed to the higher degree of branching of LDPE, which potentially
increases the probability of C-H insertion occurring within the same polymer molecule instead of
between different molecules, resulting in a lower gel fraction. For Im and SpA crosslinkers, a trend of
increasing gel fraction with higher wt% crosslinker was observed for all crosslinked polymers (Figures
2b, S5-6). The control static Es crosslinker could crosslink LDPE as well, yielding a gel fraction of
76.5% at 5 wt% loading. The appearance of strong C=0 stretching (1725 cm™) and C=C stretching
(1640 cm™) peaks and the disappearance of the azide stretching (2128 cm™) peak in the Fourier
Transform Infrared Spectroscopy (FTIR) spectra of LDPE-SS-X (LDPE crosslinked with X wt% SS)
indicated successful activation of PFPA and insertion of SS crosslinker into the polymer (Figures 2c,
S7); similar results were observed with other polymers and crosslinkers (Figures S8-10, 14-17). Raman
spectroscopy of LDPE-SS-X indicated the disappearance of crystalline LDPE peaks after crosslinking.
For the peak corresponding to disulfide bonds (425 cm™), a clear increase in intensity with crosslinker
loading was also observed (Figure 2d).*! TGA graphs of various networks with different crosslinkers
also showed that the polymers displayed good thermal stability with thermal decomposition
temperatures above 300 °C (Figures S19-24, 27-30). DSC curves of the polymers did not show
significant changes in melting point (Tw), while the enthalpy of fusion (AHn) was observed to decrease
with increasing crosslinker loading (Figures S32-35, 39-42). Citing LDPE-SS-X CANs as an example
(Figure 2e), the AHn of LDPE control (treated in the same manner as LDPE-SS-X except without



addition of crosslinker), 123.6 J g'!, decreased to 93.7 J g! for LDPE-SS-20. Crosslinked regions are
non-melting as they become more thermoset-like, resulting in a decrease in AHy.*?* Additionally, X-
ray diffraction (XRD) experiments showed a slight decrease in crystallinity with increasing crosslinker
density (from 43.6% in LDPE control to 39.5% in LDPE-SS-20, Figures S44-47, Table S2), which
may also contribute towards the decrease in AH.*

As we are interested in the potential of transforming single-use commodity poly(olefins) into durable,
recyclable thermosets to alleviate plastic waste,!8*4*# we focus on LDPE as the thermoplastic
backbone for further experiments. To minimise the amount of crosslinker used, we chose to investigate
LDPE-SS-5 for subsequent rheology and mechanical analysis. Although the gel fraction of LDPE-SS-
5 is relatively lower than other crosslinked polymers with 5 wt% SS, the polymer displayed excellent
dimensional stability when heated above the T, of LDPE (Figure 2f). While the pure LDPE cube
completely melted within 75 min at 130 °C, the LDPE-SS-5 cube still retained its structure with no
significant change in shape, demonstrating that the current degree of crosslinking is sufficient to

maintain a stable network structure even above Th,.

Vitrimeric properties of LDPE-SS-5

Disulfide dynamic bond exchanges have been shown to occur via several pathways, including
associative, metathesis and dissociative mechanisms, mediated by free thiols, thiolates or sulfenyl
radicals.**” We performed rheological analysis**~° to study the impact of catalyst on the viscoelastic
performance of LDPE-SS-5 and its analogue LDPE-SS-5-POct;, which contains 10 mol%
trioctylphosphine (POct;). Temperature ramp experiments showed that addition of POct; altered the
reaction mechanism: for uncatalyzed LDPE-SS-5, storage modulus (G”) decreased by a magnitude of
2 while the G’ of LDPE-SS-5-POct; decreased by a magnitude of 3 over the same temperature range
(100-200 °C) (Figures 3a-b, S51). Additionally, while loss factor remained low for LDPE-SS-5
(tan(delta) < 0.5), it increased steadily for LDPE-SS-5-POct; when heated above 120 °C to eventually
reach tan(delta) ~ 1 at about 200 °C, suggesting a decreasing crosslink density for LDPE-SS-5-POcts,
which is characteristic of a dissociative mechanism.* The mechanism likely involves nucleophilic
attack of the organophosphine on a sulfur centre, thus cleaving the disulfide bonds to form thiolate
anions and promotes disulfide exchange.>'~>* This may also account for the lower gel fraction of LDPE-
SS-5-POct; (38 + 6%) and the lower intensity of the S-S peak in the Raman spectrum (Figure 2d) in
comparison to LDPE-SS-5.
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Figure 3. (a-b) Storage (G’) and loss (G””) modulus and tan(delta) as a function of temperature for
LDPE-SS-5 and LDPE-SS-5-POct; respectively; (c-d) Arrhenius plot of TTS shift factors ar and
(1/b7), respectively, against 1000/T for LDPE-SS-5 and LDPE-SS-5-POcts; (e-f) Stress relaxation
experiments and Maxwell fitting (dotted lines) for LDPE-SS-5 (3-element) and LDPE-SS-5-POct; (2-
element) respectively demonstrate the decreased relaxation time upon addition of POcts; (g) Illustration
and photographs of the self-healing process of LDPE-SS-5-POct; polymer; (h) Photograph of the
healed LDPE-SS-5-POct; polymer holding a water bottle (600 g).

Further investigations by SAOS experiments (0.1-10 Hz) demonstrated that addition of POct; also
lowered the activation energy (E.) of the reaction. Within the temperature range of 140-170 °C, LDPE-
SS-5 did not exhibit a crossover and behaved as a viscoelastic solid throughout this range, while LDPE-
SS-5-POct; transitioned to a viscous liquid more rapidly as temperature increased, again indicative of
dissociative behaviour (Figures S52a-b). Time-temperature superposition (TTS) was performed on
frequency sweeps (0.1-10 Hz) with 155 °C as the reference temperature. This method involved shifting
of the curves by a horizontal shift factor (ar) to enable the curves to match. Typically, a higher
temperature is shifted to lower frequencies, while a lower temperature is shifted to higher frequencies
to obtain a master curve of the superimposed graphs (Figures S52¢c-d). The shift factors could be fitted
to the Arrhenius equation, affording E,s of 186.1 and 122.4 kJ mol"! for LDPE-SS-5 and LDPE-SS-5-
POct; respectively (Figure 3¢), which are consistent with literature values.**¢ A vertical shift factor



(br) may also be applied; Drockenmuller et al. proposed this to be especially important for dissociative
CANSs to account for changes in crosslink density and G’.>* As expected, the (1/br)-derived E, for
LDPE-SS-5 was 4.40 kJ mol’!, indicating negligible network dissociation, while for LDPE-SS-5-POct;
it was 35.6 kJ mol”!, indicating that network dissociation increased with temperature (Figure 3d).

Finally, stress relaxation experiments measured over a longer duration (up to 5000 s) revealed that
LDPE-SS-5 was not rheologically simple — a 2-stage stress relaxation was observed with a distinct
transition (Figure 3e).*® The data was global fitted to the 3-element Maxwell model (Figure S52¢, Table
S3), which could be attributed to rapid polymer chain segmental motion, as well as disulfide bond
exchange and crosslink mobility at longer timescales.*>*° The increase in reaction rate upon addition of
catalyst was evident from the dramatic decrease in stress relaxation time for LDPE-SS-5-PQOct; (Figure
31). Due to decreases in initial moduli with increasing temperature, these curves were individually fitted,
rather than global fitted, to a 2-element Maxwell model (Figure S52f, Table S4), representing rapid
polymer chain segmental mobility and a slightly slower disulfide bond exchange coupled with network
dissociation.>* At 150 °C, the curve collapsed to fit a 1-element model, which was supported by SAOS
experiments indicating that loss modulus (G”) > G’ (Figure S41b). The significantly shorter relaxation
time for LDPE-SS-5-PQOct; arose not only from the increase in rate of disulfide bond exchange due to
catalysis, but also because of higher crosslink mobility from network dissociation.

Since rheological analysis demonstrated that disulfide bond exchange could take place at elevated
temperatures, we proceeded to investigate the self-healing and recyclability of these vitrimers. A LDPE-
SS-5-POct; polymer sample (thickness: 1 mm; width: 20 mm; 0.36 g) was cut and the broken pieces
were gently contacted followed by heating at 100 °C for 60 min (Figure 3g). The broken interfaces
recombined due to the disulfide exchange catalysed by POcts, and the healed sample could hold a weight
of 600 g, more than 1500 times its own (Figure 3h).

Mechanical reprocessibility of LDPE-SS-5

The tensile properties of LDPE-SS-5 were compared against LDPE control (Figures 4b-c, Tables S5-
6, Figures S55-56). Upon incorporation of the SS crosslinker, the Young’s modulus decreased
significantly from 309 + 34 MPa (LDPE control) to 170 + 28 MPa (LDPE-SS-5). This may be
attributed to the decreased crystallinity of the polymer upon crosslinking, resulting in lower rigidity.
We observed significant improvements in maximum elongation (91 + 48% to 161 £ 25%) and
subsequently toughness (9.9 = 4.9 I m™ to 15.8 & 2.8 J m™) of the vitrimer network. Due to the strong
covalent bonds and robust crosslinking present in the network, the vitrimer could withstand greater
stress and undergo more deformation before breaking. The improved extensibility of LDPE-SS-5
indicate the functional utility of crosslinking commodity thermoplastics with the SS crosslinker.
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Figure 4. (a) Illustration and photographs of mechanical and chemical recycling processes of LDPE-
SS-5; (b-c) Representative tensile stress-strain curves and a comparison plot of tensile strength,
elongation and Young’s modulus, respectively, for LDPE control and LDPE-SS-5, virgin (as-
synthesised) and after 1, 3, and 5 mechanical recycles, or 1 chemical recycle demonstrate the
recyclability of LDPE-SS-S.

To demonstrate the reprocessability of the vitrimer, LDPE-SS-5 was cut into small pieces and hot-
pressed (Figure 4a). A homogeneous film was obtained after hot-pressing at 190 °C, 30 bar for 15
minutes due to the exchange of the dynamic disulfide bonds at elevated temperatures. In contrast,
control LDPE-Es-5 with the static crosslinker could not be reprocessed at this temperature. After the
first cycle of mechanical recycling (MR1), LDPE-SS-5-MR1 exhibited similar tensile performance to
the virgin LDPE-SS-5 (Figures 4b-c, Table S7, Figure S57). However, after 5 cycles of mechanical
recycling (MRS5), LDPE-SS-5-MRS showed a decrease in tensile strength (9.9 = 0.3 MPa), toughness
(8.9 £ 2.9 ] m?), and maximum elongation (101 + 28%), with an increase in Young’s modulus (255 +
39 MPa) compared to LDPE-SS-5 (Figures 4b-c, Table S9, Figure S59). The increase in stiffness and
decrease in ductility of the vitrimer indicate a decrease in crosslinking density, which was supported by
a decrease in gel fraction in LDPE-SS-5-MRS5 (31 + 3%) compared to the virgin LDPE-SS-5 (51 +
4%) (Figure S53). The decrease in mechanical performance may be due to unwanted side reactions
occurring during extended periods of heating. Although isothermal TGA experiments showed no mass
loss at 190 °C over 2 hr (Figure S20), other degradative pathways which do not result release volatile
molecules could occur.’*®! The homolytic cleavage of S-S bond or C-S bond activated by heat could
create reactive sulfur or carbon radicals, leading to the formation of unreactive sulfur compounds or



polysulfides, thus lowering the crosslinking density.*® Additionally, thermo-mechanical and thermo-
oxidative degradation occurring during the hot-pressing process could result in chain scission of the
polymer network.>’5® Furthermore, when the polymer is subjected to excessive stress, its network might
undergo mechanochemical degradation or morphological changes, thus affecting its tensile properties.’’
Nevertheless, LDPE-SS-5-MRS still has higher elongation at break compared to the LDPE control.

Chemical recycling of CANs

We also explored the chemical recyclability of the crosslinked polymers. Typically, chemical recycling
of CANs involves degradation of the network into its constituent monomers, which are then separated
and purified before being recombined to resynthesize the CAN. In contrast, complete breakdown and
separation of the network is not necessary in our systems. Here, the polymer backbone, and even the
amine bonds formed between the reactive PFPA ends of the crosslinkers and the thermoplastic, remain
untouched in our systems. Instead, bond cleavage takes place at the dynamic bonds in the centre of the
crosslinker, affording soluble, un-crosslinked functionalized thermoplastic. This thermoplastic can
simply be dried, remoulded, and then cured in vacuo to reform the CAN in its desired shape.®

Chemical recycling of LDPE-SS-5

The chemical recyclability of LDPE-SS-5 was investigated using dimethyl disulfide as the de-
crosslinking reagent and hot toluene (80 °C) as solvent for the LDPE backbone. Dynamic exchange
between dimethyl disulfide and the disulfide bond in LDPE-SS-5 resulted in network degradation to
form soluble, un-crosslinked polymer chains. In the presence of POct; (500 mol%), which was used to
catalyse stress relaxation of the vitrimer, a clear brown solution was obtained after 96 h with no
observable undissolved polymer pieces (Figure 4a), indicating that de-crosslinking was complete. In
contrast, in the absence of the catalyst, the vitrimer remained as a swollen gel even after 168 h. The un-
crosslinked polymer was retrieved by precipitation in ethanol, centrifugation to remove the excess
reagents, followed by drying at 110 °C. No gel fraction was observed for the un-crosslinked polymer,
as expected (Figure S54). The T and AHn of the un-crosslinked polymer are higher (111.7 °C, 124.3 ]
g") compared to LDPE-SS-5 (111.0 °C, 105.1 J g'), presumably due to decrease in non-melting
thermoset-like regions (Figure S37).

The un-crosslinked polymer was then placed in a vacuum oven at 160 °C to reform the vitrimer network
(Figure 4a). Dynamic disulfide exchange reformed the disulfide bond in the crosslinkers, with
concomitant expulsion of dimethyl disulfide, which was removed by vacuum, thus driving the re-
crosslinking reaction. The re-crosslinked CAN (LDPE-SS-5-CR) had a gel fraction of 30 = 3%, which
was significantly lower than that of the original LDPE-SS-5 (51 £ 4%), indicating that the network has
a lower degree of crosslinking than before (Figure S54). The increased AH,, of LDPE-SS-5-CR (107.3
J g'') compared to LDPE-SS-5 (105.1 J g'!) also indicated a decreased crosslink density (Figure S37).
These values match those obtained for the sample with 10 mol% POct;, LDPE-SS-5-POct; (38 + 6%,
106.3 J g, suggesting that there may be catalyst from the de-crosslinking reaction remaining in the
reformed vitrimer. The FTIR spectra of the un-crosslinked, and re-crosslinked polymers did not show
significant difference from the original LDPE-SS-5 vitrimer (Figure S12).

The tensile strength (10.8 £ 0.4 MPa), maximum elongation (168 + 45%), and toughness (16.9 +4.2J
m™) of LDPE-SS-5-CR matched those of the virgin LDPE-SS-5 (Figures 4b-c, Table S10, Figure S60).
Additionally, the Young’s modulus increased significantly by 70% to 289 + 63 MPa, presumably
attributed to the increase in crystallinity after chemical recycling. Despite the decrease in crosslinking
density compared to the virgin LDPE-SS-5, the improved mechanical performance could be attributed



to a more homogeneous crosslinking distribution within the LDPE-SS-5-CR network. The formation
of the virgin LDPE-SS-5 is governed by kinetics due to the rapid C-H insertion of the reactive nitrenes
upon activation, which could result in uneven crosslink distribution due to factors such as phase
separation between the LDPE and the SS crosslinker while the solvent was being removed. Issues such
as trapped entanglements, elastically ineffective chains, and connectivity defects could further diminish
the mechanical properties of LDPE-SS-5.% These issues may not be resolved during mechanical
recycling since the vitrimer does not flow, so disulfide bonds can only rearrange with reactive moieties
in close proximity, keeping the network kinetically trapped.** In contrast, during chemical recycling,
the dissolution of the LDPE backbone in toluene allows larger scale motion of the chains which could
prevent chain overlapping and inhibit trapped entanglements.®® The covalent attachment of SS moieties
to the polymer backbone would also minimise phase separation.®®> Additionally, due to the reversible
nature of the disulfide bond, the reformation LDPE-SS-5-CR is thermodynamically controlled,®*
potentially enabling crosslinked regions to become more evenly distributed. Thus, chemical recycling
is an effective method to restore and even improve the mechanical properties of LDPE-SS-5.

Chemical recycling of LDPE-SpA-5

Acetal dynamic bond exchange has been shown to occur through various mechanisms, such as
transacetalization,% acetal metathesis® or dissociative mechanisms via aldehydes,'* vinyl ethers,®”:*8 or
carbocations.*” In particular, the spirocyclic acetal motif in the centre of our SpA crosslinker resembled
the 3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5Jundecane crosslinker used in catalyst-free metathesis of
spirocyclic acetal CANSs,* suggesting that mechanical recycling would be facile. Unfortunately, our
efforts to achieve mechanical recycling of LDPE-SpA-5 proved unsuccessful. This may partially be
attributed to the basic amine group formed during the crosslinking reaction since trace amounts of base
was found to supress acid-catalysed acetal metathesis.®® However, our small molecule model exchange
studies showed that analogues of SpA with the perfluorinated benzaldehyde moiety could not undergo
acetal metathesis or dissociation even with addition of superstoichiometric amounts of acid except in
the presence of alcohol (SI Section 2.9). These results are in line with the study by Lemcoftf and Fuchs,
which showed that electron-donating groups on acetals favour dissociation while electron-withdrawing
groups do not.%

Nevertheless, our results demonstrated that transacetalization could occur in the presence of ethanol (SI
Section 2.9), and we proceeded to investigate chemical recycling of LDPE-SpA-S. While previously
reported chemical recycling methods for polymer networks containing acetal bonds utilised an acidic
water/organic solvent mixture,”®”" we chose to perform ethanolysis of our CAN in heated toluene
(95 °C) as it effectively swelled the LDPE backbone. With p-toluenesulfonic acid (p-TsOH) as the
catalyst, LDPE-SpA-5 was successfully de-crosslinked over 24 h, as observed by a clear yellow
solution obtained without any visible undissolved polymer pieces (Figure 5a). After solvent removal, a
gel fraction of 51 + 6% was obtained. Since the un-crosslinked polymer should have no gel fraction,
this indicated that some re-crosslinking had occurred. This was expected since pentaerythritol, which
was not removed from the reaction mixture, could transacetalise the diethyl acetal, releasing volatile

ethanol which was then driven off by heat, thus facilitating re-crosslinking.

At this stage, due to the low gel fraction, the network can be hot-pressed, turning from yellow to dark
brown during the process, presumably due to increased density of the polymer via compactification
and/or further reactions involving the nitrene side products (Figure 5a). The gel fraction of the polymer
further increased to 56 + 2% after hot-pressing and 72 £+ 3% after re-crosslinking in vacuo, which
matched that of virgin LDPE-SpA-5 (73 + 8%) (Figure S61). This is expected since the extent of



crosslinking would increase with the length of exposure to high temperature. The FTIR spectra of the
un-crosslinked, hot-pressed, and re-crosslinked polymer matched that of the virgin LDPE-SpA-5, with
the exception of new peaks from p-TsOH (1035, 1010 cm™) (Figure S18). The Ty and AH,, of the un-
crosslinked polymer are higher (112.3 °C, 136.0 J g'!) compared to LDPE-SpA-5 (108.7 °C, 100.1 J g
1) (Figure S43), presumably since the decrease in crosslinking density within the network decreased the
amount of non-melting regions. Upon re-crosslinking of the polymer, the T, and AH;, decreased to
110 °C and 118.1J g respectively (Figure S43), indicating the polymer becoming more thermoset-like
within the network due to the reformation of the acetal bonds.

The mechanical properties of the re-crosslinked polymer (LDPE-SpA-5-CR1) were evaluated (Figure
5b, Table S11, Figure S62). Compared to the LDPE control, the LDPE-SpA-5-CR1 CAN showed a
slight decrease in tensile strength (8.7 £ 0.5 MPa) and maximum elongation (46 + 13%), which
suggested a brittle polymer. Yet, LDPE-SpA-5-CR1 possessed a higher Young’s modulus (245 + 65
MPa) than LDPE-SS-5, which may be attributed to the rigid spirocyclic structure of the SpA crosslinker,
and thus could be preferred for applications where resistance to both solvent and deformation is crucial.
After another chemical recycle, while the tensile strength and Young’s modulus of the LDPE-SpA-5-
CR2 changed slightly, there was a significant decrease in maximum elongation (Figure 5b, Table S12,
Figure S63). As the chemical recycling process is similar to that LDPE-SS-5, we expect that the
homogeneity of crosslinked regions could similarly increase with each chemical recycle.®*** However,
due to the rigidity of the SpA crosslinker as opposed to the flexibility of the SS crosslinker, this may
have resulted in increased brittleness of the network.

Overall, both LDPE-SS-5 and LDPE-SpA-5 CANs could be chemically recycled via a reactive solvent-
based approach. Owing to the dynamic nature of the dynamic SS and SpA bonds, the CANs were first
degraded into un-crosslinked polymer chains, followed by re-crosslinking to reform the network
polymers. In particular, the chemically recycled LDPE-SS-5-CR showed improved mechanical
strength compared to the virgin CAN.
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Upcycling post-consumer LDPE and PP with SS crosslinker

In addition to crosslinking virgin thermoplastics, our dynamic crosslinkers can also be used to crosslink
a blend of post-consumer waste, giving second (or more) life to waste plastics.>** PP and PE constitute
about 50% of the world’s polymer production, and current recycling technology is still unable to
transform such blends for high-value applications.*’*> A polyolefin blend of LDPE and PP (70:30 w/w),
a ratio commonly observed in post-consumer waste,’® was prepared from used LDPE packaging foam
and PP food container by dissolving and mixing in hot toluene (110 °C). This mixture was either dried
to obtain PP-LDPE blend or crosslinked with 5 wt% SS crosslinker to obtain PP-LDPE-SS-5 (Figure
5d). PP-LDPE-SS-5 exhibited a gel fraction of 77 + 3% compared to 0% for the pure PP-LDPE blend,
indicating a relatively high degree of crosslinking within the PP and LDPE chains individually, as well
as at the interfaces between the 2 different chains. Two different Ty, were observed (106.3 °C and
155.3 °C) for the LDPE and PP polymer chains respectively (Figure S38). The AH,, for both melting
transitions in PP-LDPE-SS-5 (64.5 J ¢! and 21.65 J g'! for PE and PP melting respectively) are lower
than that of the PP-LDPE blend (77.9 J g!, 23.4 J g), confirming that successful crosslinking had
occurred (Figure S38). A comparison between the FTIR spectra of PP-LDPE-SS-5 and PP-LDPE
blend also confirmed incorporation of the crosslinker (Figure S13).

Tensile measurements showed that the PP-LDPE-SS-5 CAN displayed enhanced mechanical
properties compared to the PP-LDPE blend (Figure 5c, Tables S13-14, Figures S64-65), such as
greater tensile strength (15.7 = 0.6 MPa) and maximum elongation (14 £+ 4%), indicating a mechanically
stronger and more ductile polymer. Although the maximum elongation of PP-LDPE-SS-5 is
significantly lower than LDPE-SS-5, this may potentially be attributed to stabilizers and plasticizers
commonly added to consumer plastics. A similar decrease in elongation was observed when Nicolay et
al. compared reactive crosslinking of postconsumer waste versus a virgin PP-LDPE blend with their
azidotriazine crosslinker.*

Nevertheless, we have demonstrated that the SS crosslinker can crosslink a blend of used PP and LDPE
plastic waste, imparting solvent resistance and ductility, even in the presence of stabilizers and
plasticizers. This presents a promising route to upcycling plastic waste, potentially alleviating the
production of plastic waste, which has become a global environmental burden in the past decade.>®
Further work can be done to investigate processing techniques which could improve the properties of
these CANs from postconsumer plastics, as well as their mechanical and chemical recyclability.

Conclusion

In conclusion, our work has demonstrated an in-sifu approach to crosslinking commodity thermoplastics
with dynamic covalent crosslinkers bearing PFPA groups. Three different dynamic covalent
crosslinkers — SS, Im and SpA — were synthesized in 2 steps and high yield. The PFPA groups were
activated at ~160 °C to form reactive nitrenes which performed C-H insertion into various polymers to
form covalent adaptable networks, which displayed excellent dimensional stability and solvent
resistance compared to their original thermoplastics. In particular, the disulfide vitrimer LDPE-SS-5
exhibited stress relaxation properties which was tunable by addition of POct; catalyst, enabling self-
healing and mechanical recycling of the vitrimers. Notably, LDPE-SS-5 showed superior maximum
elongation compared to LDPE control, and could retain these properties even after 5 recycles.
Additionally, both LDPE-SS and LDPE-SpA CANs could be chemically recycled via hot solvent and
catalyst addition into its un-crosslinked state (thermoplastic), followed by re-crosslinking to reform the
CAN in a vacuum oven. Finally, we also demonstrated that the SS crosslinker could upcycle a blend of
postconsumer poly(olefin) (LDPE:PP = 70:30 w/w) waste into vitrimers with enhanced mechanical



properties. Despite the dark colour post-crosslinking, we envisage that our approach of transforming
thermoplastics into healable and recyclable CANs could significantly improve plastics circularity,
contributing towards the United Nations Sustainable Development Goals (UN SDG) 12.5 of
substantially reducing waste generation through reduction, prevention, reuse and recycling.
Additionally, the ability to upcycle waste plastic feedstock into CANs with high-value applications is
in line also in line with the goals of combating resource depletion (UN SDG 12.2) and reducing
greenhouse gas emissions from incineration (UN SDG 13.2).

Experimental procedures
Full experimental procedures are available in the supplemental information.

Resource availability
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Further information and requests for resources should be directed to and will be fulfilled by the lead
contact, Shermin S. Goh (gohsms@imre.a-star.edu.sg).
Materials availability

All unique materials generated in this study will be made available on request, but we may require a
payment and/or a completed materials transfer agreement if there is potential for commercial
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