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This work communicates the closed-loop recyclability and dynamic
property tunability in benzylic ether-based cross-linked polymers.
Remarkably, the polymers were fully degradable via transetherifica-
tion, and the monomers were recovered in high yields. The recovered
monomers were used to re-synthesize the polymers with pristine-like
material properties. Further on, the tunability of dynamic properties
was investigated by a systematic increase in the inter-crosslink dis-
tance by four methylene groups, which showed strong effects on the
stress relaxation property.

Covalent adaptable networks (CANs), a class of dynamically
cross-linked polymers, have emerged as a promising alternative
to traditional thermoset polymers."”> Owing to the presence of
dynamic covalent bonds that undergo exchange upon activation
by an external stimulus, CANs are reprocessable like thermo-
plastics while maintaining thermoset-like properties in the
target application conditions. A variety of dynamic bonds have
been introduced to tailor the polymers with specific and desired
characteristics.>™® Designing chemistries that impart both
robustness and dynamicity to polymer networks is a key chal-
lenge. There have been a few literature reports focused on
designing robust CANs based on chemistries such as siloxane
exchange, thiol-yne, dynamic enamine-urea linkage, and rever-
sible alkoxyamine.'*"” Expanding the scope further, we have
recently introduced transetherification on benzylic ethers to this
list of thermally robust dynamic chemistries."®

Besides providing malleability upon activation, dynamic
linkages in a cross-linked polymer can also enable its chemical
recycling in a closed-loop fashion, offering a solution to the
challenges associated with the end-of-life management of these
materials."”* The recovered monomers upon chemical
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recycling can be used to regenerate the original polymers,
retaining their original quality and properties, or can be used
to produce value-added monomers and materials, offering a
scope for upcycling.>*°® Recent efforts in closed-loop recycl-
ability have focused on dynamic linkages such as diketoena-
mine exchange, imine, transesterification, transimination, and
reversible amidation.?’”?° Despite these advancements, the
range of dynamic covalent motifs employed thus far remains
limited compared to the extensive library of dynamic chemical
reactions available. Moreover, designing dynamic bonds that
enable effective bonding, robustness, and reversible cleavage
for monomer generation remains a significant challenge in
developing closed-loop recyclable cross-linked polymers.

Here, we demonstrate the closed-loop recyclability of the
CANs using our recently developed trans-ether exchange as a
robust chemistry, a dynamic covalent chemistry.'® The networks
were degraded chemically, and monomers were recovered with
high yields. The recovered monomers were utilized to prepare a
fresh polymer with near retention of its properties, thus enabling
closed-loop recyclability. Additionally, we re-establish our pre-
vious claim of dissociative bond exchange in benzylic ethers with
more rigorous model compound studies. Furthermore, the effect
of crosslink density on the dynamic property of these networks
has also been explored. Compared to CANs showing associative
bond exchange, the effect of network structure on the dynamic
properties has much less been studied for dissociative CANs,
especially the ones that require an external catalyst for bond
exchange, like the benzylic ethers.** > Here we have prepared
networks by systematically varying the inter-crosslink distance by
four methylene units and studied the effect of crosslink density
on the thermo-mechanical and dynamic properties of the
networks.

A tri-benzyl ether containing molecule 1,3,5-tris(methoxy-
methyl)-2,4,6-trimethylbenzene (TMM-TMB), to be used as the
crosslinker in the network, was synthesized from mesitylene in
two steps (Scheme 1a). In brief, first, the chloromethylation of
mesitylene was carried out to obtain 1,3,5-tris(chloromethyl)-2,4,6-
trimethylbenzene (TCM-TMB). TCM-TMB was subsequently
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Scheme 1 (a) Synthesis scheme of tri-benzyl ether bearing monomer,
TMM-TMB, starting from mesitylene. (b) Scheme showing the synthesis of
the dynamic benzyl ether-based networks.

reacted with sodium methoxide to obtain TMM-TMB bearing the
benzyl ether linkages. All the molecules were structurally char-
acterized using 'H and "*C NMR, and HR-MS (Fig. S1-S6). Before
network synthesis, model exchange studies were conducted to
explore the mechanism and versatility of transetherification on
benzylic ether. Exchange reactions were performed on THM-TMB
with 2-(2-methoxyethoxy)ethanol (MEE) (Scheme S2 and Fig. 517,
S18) at different temperatures, revealing an activation energy for
the reaction of 165.96 k] mol ™" (Fig. S19). The exchange was faster
for primary alcohols than secondary alcohols, whereas the tertiary
alcohols showed no significant exchange (Scheme S1 and Fig. S7-
S16). Moreover, the exchange reaction was found to proceed with
anhydrous pTSA also (Scheme S5 and Fig. S62, S63). Besides, the
transetherification rates were independent of the alcohol concen-
tration (Fig. S20-S22). This, along with other model studies, re-
establishes the previously reported claim of dissociative exchange
mechanism via benzylic carbocation intermediate (Schemes S3,
S4 and Fig. 523-526).

Upon successful affirmation of benzyl ether’s exchangeability,
the ether-based polymer networks were prepared by melt-
transetherification using the trifunctional TMM-TMB and aliphatic
diol (Scheme 1b). To regulate the properties of the polymers, a
series of linear aliphatic diols with varying carbon segment lengths
was utilized, namely 1,6-hexanediol, 1,10-decanediol, and 1,14-
tetradecanediol. Thus, in each diol monomer, the methylene
segment length was varied by 4 units. The corresponding benzyl
ether (BE) bearing polymers were named BE-06, BE-10, and BE-14,
respectively. Further molecular characterization of polymer net-
works was performed.***! FT-IR studies suggested the formation
of the polymers (Fig. S27-S29). All the networks showed high gel
content (>90%) in DCM and THF (Table S1 and Fig. S30). Besides,
the % weight swelling in both solvents was higher for the networks
with higher diol spacer length because of reduced crosslink
density (Table 1 and Fig. S31), which is in agreement with the
crosslink density estimated using DMTA studies (Fig. S48).

The thermal stability of the networks was probed using
thermogravimetric analysis (TGA). The temperature for 5%
weight loss (Tq,50) Was 294 °C, 300 °C, and 326 °C for BE-06,
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Table 1 The properties of networks

Quw (%) Tasw T, (°C) E Ep UTS E,

(DCM) (°C) (TGA) (DSC) (MPa) (mm) (MPa) (kJ mol™Y)
BE-06 70.6 294 53.50 86.83 7.60 10.94 119.8
BE-10 122.2 300 12.78 35.52 5.84 2.16 130.7
BE-14 134.8 326 —2.60 16.76 7.12 1.22 150.5

E: Young’s modulus; Ej: elongation at break; UTS: ultimate tensile
strength. E, Ey,, and UTS were estimated using tensile test; Q,: weight
swelling; E,: activation energy.

BE-10, and BE-14 respectively (Table 1, Fig. 1a). The high Tyg 5o,
values are in support of the claim of benzylic ethers being a
robust dynamic moiety. The slight increase in thermal stability
with increasing diol length can be attributed to the higher
boiling points of the longer diols. Isothermal TGA at 200 °C for
3 hours showed a minimal weight loss (<3%) (Fig. S32),
indicating excellent thermal stability and broader processing
potential. Besides, the polymers were found to be stable in
various chemicals as probed by gravimetry and FT-IR analysis
(Tables S2, S3 and Fig. S33-538). The glass transition tempera-
ture (Ty) of the networks was determined to be 53.50 °C,
12.78 °C, and —2.60 °C using differential scanning calorimetry
(DSC) for BE-06, BE-10, and BE-14, respectively (Fig. 1c). The
observed lowering of T, with the increase in diol chain length
could be attributed to the increased chain mobility in networks
with lower crosslink density,*
decrease in rubbery plateau modulus in the temperature sweep
profiles (Fig. 1b). Till temperatures below 200 °C, the benzylic
ether-based networks did not show a drop in the storage
modulus because of equilibrium shifting to the dissociated
state, as is common for most other dissociative CANs. Further-
more, similar to the temperature sweep, the frequency sweep
experiments also did not show any drop in modulus with
increasing temperature (Fig. S45-S47). This could be due to
the highly active dissociated state with a very low lifetime,

which is also supported by the
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Fig. 1 (a) The TGA profiles of the networks. The inset shows zoomed TGA
profiles. (b) DMTA, (c) DSC profile, and (d) tensile plots for networks. The
inset shows the reprocessing of the BE-14.
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similar to that previously reported by Du Prez and coworkers for
internally catalyzed transesterification based dissociative
CANs.*

The grounded polymer samples were successfully repro-
cessed into rectangular bars and disk-shaped specimens using
compression molding at 170 °C under 10-ton pressure, owing to
the active transetherification under these conditions (Fig. 1d
inset). FT-IR analysis indicated that the polymer structure
remained largely unchanged during reprocessing (Fig. S39-
S41). The mechanical properties of the reprocessed polymer
samples showed that both Young’s modulus and ultimate
tensile strength decreased with increasing diol chain length.
Specifically, Young’s modulus values for BE-06, BE-10, and BE-
14 were 86.83, 35.52, and 16.76 MPa, respectively (Fig. 1d and
Table 1). Furthermore, tensile testing of the 2nd reprocessed
samples (reprocessing of the first reprocessed sample) revealed
mechanical properties, specifically Young’s modulus and ulti-
mate tensile strength, comparable to those of the first repro-
cessed samples (Fig. S50). A slight reduction in elongation at
break was noted, which may be attributed to increased micro-
structural defects.*®

As the polymers are composed of dynamic ether linkages,
they showed relaxation of imposed stresses at elevated tem-
peratures, as can be seen in Fig. 2a, Fig. S51, S52, and Table S4.
The relaxation was faster at higher temperatures for a particular
polymer due to the faster bond exchanges. At a fixed tempera-
ture, the relaxation was fastest in BE-06 and slowest in BE-14
(Fig. S53-S56). Further, the activation energies (E,) of BE-06,
BE-10, and BE-14 were estimated to be 119.8, 130.7, and
150.5 kJ mol ", respectively (Fig. 2b). The benzylic ether dis-
sociation in the network involves an external catalyst. The
increase in spacer length from BE-06 to BE-14 leads to a
reduced effective catalyst concentration in the matrix, poten-
tially causing the observed slower relaxation and higher activa-
tion energy, consistent with previously reported studies.®’">°
The networks’ lower activation energy compared to the small-
molecule model may result from activated transetherification.
All rheological studies were conducted within the linear viscoe-
lastic regime (LVR), estimated from strain sweep experiments
(Fig. S42-S44).

After demonstrating the robustness and dynamic behavior
of the polymers, with the aim of regenerating the monomer, the
degradation was carried out using methanol (Fig. 3a). All the
networks were shown to degrade completely and form a
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Fig. 2 (a) The normalized (at t = 1 s) stress relaxation profile of BE-086,
ranging from 150 °C to 180 °C. (b) Activation energy plot.
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Fig. 3 (a) Scheme of BE-10 degradation using methanol. (b) Pictorial
representation of the degradation of BE-10 and the recovery of the
monomers, (c) 'H NMR and (d) FT-IR comparison of the original and
recovered monomers.

homogeneous solution when heated in excess methanol in
the presence of pTSA-H,O for 12-16 hours at 120 °C (Fig. 3b).
The monomer mixtures were obtained after the removal of
methanol. The addition of the hexane to this mixture resulted
in the selective precipitation of the diol and solubilization of
the triether monomer, TMM-TMB. Thus, employing the polarity
difference, the monomers could easily be separated. Both
monomers were recovered with high yield. For instance,
TMM-TMB and 1,10 decanediol were recovered with >96%
and >93% yield, respectively, from BE-10. The monomers were
recovered with good yield for the other two networks, BE-06 and
BE-14, as well. Degradation was performed three times for all
networks, and the average monomer recovery was estimated
(Table S5). The degradation via depolymerization was feasible
due to the presence of dynamic ether linkages, where the
participation of the excess methanol in the transetherification
resulted in the disintegration of the polymer network. The
comparison of the '"H NMR and FT-IR spectra of the pristine
and recovered monomers showed that the monomers were
recovered in good purity (Fig. 3c, d and Fig. S57, S58). The
recovered monomers were repolymerized to prepare a fresh
network BE-10R. BE-10, being in the middle of the series, was
selected for this study. A comparison of the properties of the
recycled network, BE-10R, with the pristine network, BE-10,
revealed that their material properties were comparable
(Fig. S59 and S61). This demonstrates the retention of material
characteristics upon recycling.

In summary, the dynamic properties of the CANs were
regulated systematically by varying the inter-crosslink distance.
The network with lower crosslink density showed slower stress
relaxation and higher activation energy, likely due to catalyst
dilution in the matrix. Interestingly, the relaxation rate depen-
dence on crosslink density for the reported networks and also
the temperature sweep profiles are more aligned with proper-
ties of vitrimers, associative CANs.*™*° However, the model
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studies clearly show a dissociative bond exchange mechanism,
making this a system intermediate to classical associative and
dissociative CANs from a macroscopic response point of view.
Further on, the closed-loop recyclability of networks was
demonstrated. Complete methanolysis of the networks regen-
erated the monomers, which were recovered with high yields.
The networks synthesized from the recovered monomers
showed similar properties to those of the pristine ones. To
the best of our knowledge, this is the first study wherein
transetherification chemistry has been employed to design
closed-loop recyclable cross-linked polymers. By incorporating
closed-loop recyclability into the cross-linked polyether materi-
als, we anticipate unlocking new avenues for the design of
sustainable materials.
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