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As post-consumer rubbers (e.g., car tires) continue to accumulate in landfills and the environment, there is
an increasing need for more reprocessible materials. Traditionally, devulcanization of rubbers requires
excessive energy and releases toxic byproducts. Accordingly, downcycling (e.g., crumb rubber for
asphalt or turf) is the major avenue for end-of-life thermoset elastomers. To enable alternative recycling
pathways, herein we propose a two-step procedure to crosslink polybutadiene (PBD) as a substitute for
vulcanization, resulting in deconstructable soft materials. First, we utilize the established C-H allylic
amination of PBD to access thermoplastic elastomer pre-polymers functionalized with electrophilic
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thermoset specimens with tunable thermal, rheological, and mechanical properties dependent on
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Introduction

Synthetic rubbers (e.g., polybutadiene, PBD; styrene-butadiene,
SBR; nitrile-butadiene, NBR; polyisoprene, PI; ethylene
propylene diene monomer, EPDM) are currently produced at
approximately 30 million tons per year and remain essential to
everyday life." In addition to vulcanized gaskets, hoses,
membranes, seals, and shoe soles, many of these synthetic
rubber feedstocks contribute to over 1 billion end-of-life tires
globally per year. However, declining market demand for post-
consumer rubber products, such as reclaimed tires, has high-
lighted collective knowledge gaps in how we process end-of-life
thermoset elastomers. Traditionally, rubbers are irreversibly
crosslinked via Sg vulcanization to generate polymer networks
that are difficult to devulcanize (Fig. 1A) due to the strength of
carbon-sulfur and sulfur-sulfur bonds.”* To improve upon the
current state of the art, modulation of thermoplastic and ther-
moset elastomer backbone chemistry is imperative to create
tunable, deconstructable rubbers. Post-polymerization modifi-
cation (PPM)® directly impacts bulk properties as demonstrated
in recent examples employing commodity polymer feed-
stocks,*” such as polystyrene,®*** polyacrylates,'**> and
polyolefins.’*"” For synthetic elastomers, however, few general
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crosslinks and regenerates the thermoplastic with no characterizable differences from virgin PBD.

strategies exist prior to work from our group;'®" those that do
focus on approaches that sacrifice the polymer microstructure
(i.e., repeating 1,4-diene microstructure in polybutadiene)
through alkene saturation or transposition.”* These issues
persist when expanding elastomer PPM to thermosetting
materials. For instance, Xin synthesized physically crosslinked
ionomers by reacting butyl rubber with maleic anhydride fol-
lowed by treatment with potassium hydroxide.”* In orthogonal
work, Gandini used thiol-ene chemistry to functionalize PBD
with furan; Diels-Alder and retro-Diels-Alder reactions with
maleimide crosslinkers form and break the network, respec-
tively (Fig. 1B).?* Notably, these emblematic examples sacrifice
the PBD backbone microstructure that controls bulk thermo-
mechanical properties.”?** On the other hand, selenium-
catalyzed C-H allylic amination*>” of polyolefins (e.g., PBD,
polynorbornene)'®*® introduces broad functionality into the
polymer backbone while maintaining the original microstruc-
ture.”® With this paradigm in mind, we envisioned a novel two-
step crosslinking approach that would maintain the parent
alkene microstructure and enable chemical circularity. First,
allylic amination of PBD with an activated sulfamate, such as
hexafluoroisopropyl sulfamate (HFIPS),> would enable
solution-state characterization and analysis of a pre-polymer
poised for subsequent crosslinking. Then, alcoholysis using
a diol crosslinker would generate thermosets whose properties
could be directly tuned by pre-polymer amination density and/
or nucleophile identity. Lastly, nucleophilic cleavage of the
sulfamate crosslinkers would induce network dissolution and
regeneration of polydiene thermoplastics. Herein, we apply this
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reprocessable elastomers via alcoholysis to crosslink thermoplastic sulfamates (REACTS).

workflow (Fig. 1C) to access degradable crosslinked PBDs with
tunable mechanical properties by synthesizing Reprocessable
Elastomers via Alcoholysis to Crosslink Thermoplastic Sulfa-
mates (REACTS).

Results and discussion

To establish the viability of REACTS, we first investigated the
nucleophilic dimerization of a small molecule model following
allylic amination with HFIPS. First, 4-phenyl-1-butene (1)** was
aminated with HFIPS using 20 mol% SePCy; to afford 2 in 74%
yield (Scheme 1). Then, 2 was treated with ethylene glycol to
yield dimer 3,* in a process akin to polymer crosslinking.
Following unequivocal confirmation of 3 by "H NMR spectros-
copy and mass spectrometry (Fig. S3 and S7t), our next focus
was to ensure that HFIPS substitution still occurred on poly-
meric substrates. To address this question, commercial PBD
(M, = 7 kDa, 87% cis-trans, 13% 1,2-vinyl branched) was ami-
nated with HFIPS at a low target density based on stoichiometry
(Scheme 2). Importantly, as we demonstrated in our previous
work, amination of PBD does not alter the backbone micro-
structure (i.e., cis-trans ratio remains unchanged)."® Following
purification by washing the crude polymer with MeOH and
dialysis against acetone, the amination density was determined
to be 6 mol% using '’F NMR spectroscopy (internal standard =
4,4-difluorobenzophenone). Following amination and purifica-
tion, PBD-HFIPS-6 was treated with 4-fluorophenethyl alcohol
(Scheme 2) to yield 4 (90% yield); as it was previously deter-
mined that sulfamoylation of alcohols proceeded more effi-
ciently with weaker bases, we exclusively utilized pyridine as
a base in these studies,” and screened tetrahydrofuran (THF)
and 1,2-dichloroethane (DCE) as co-solvents. Ultimately, we
found that THF was a superior co-solvent to DCE as it main-
tained reagent solubility, an important consideration for
implementing REACTS (Scheme 3). As expected, formation of 4

HN Ph X

O30
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AN HFIPS  CF, HN\S”\ Ethylene Glycol © H ____________ SePCys;
©/1V\ SePCy,, Phi(OAC), ci’j'\ THF : Pyridine Lo
DCM, 23°C F.C CF, 62°C.20h &
48h 2 45% 4 >NH
74% \)?‘\/Ph

Scheme 1 Amination of 4-phenyl-1-butene (1) with HFIPS (2), fol-
lowed by dimerization with ethylene glycol (3).
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was observable via '°’F NMR spectroscopy; disappearance of the
diagnostic PBD-HFIPS-6 chemical resonance at —73.0 ppm and
generation of a new resonance at —116.7 ppm (4) (Fig. S171) was
observed. Once we established that alcoholysis of 3 would occur
with difunctionalized nucleophiles and that PBD-HFIPS-6 was
competent for alcohol sulfamoylation, we then turned efforts to
implementing REACTS. Briefly, we envisioned REACTS
proceeding via initial pre-polymer formation by Se-catalyzed
amination of PBD, followed by crosslinking using an appro-
priate diol. Hence, PBD (M, = 7 kDa, 87% cis-trans, 13% 1,2-
vinyl branched) was first aminated at two grafting densities, ca.
3 and 6 mol%, as quantified by "H and '’F NMR spectroscopy
(Fig. S9, S16, eqn S(1)-S(3)1). To initially assess crosslinking
potential using REACTS, PBD-HFIPS-X and ethylene glycol (EG,
X/2 equiv.) were dissolved in THF : pyridine (1 : 1 mixture, 1.5x
by mass) and heated to 62 °C (Scheme 3). Higher density PBD-
EG-6 gelled within 24 hours, while lower density PBD-EG-3
gelled within 48 hours. Importantly, samples prepared in the
absence of either PBD-HFIPS or ethylene glycol remain fully
soluble (Table S27). Similar synthetic procedures were imple-
mented for diethylene glycol (PBD-DEG-X) and triethylene
glycol (PBD-TEG-X) crosslinked samples. Equilibrium swelling
ratios for the collective samples were determined gravimetri-
cally by swelling in THF for 40 hours (Table S4t). Differences in
target crosslink density were apparent as PBD-R-3 samples had
higher equilibrium swelling ratios (i.e., looser network struc-
ture) than those of PBD-R-6 samples. Additionally, while the
difference in swelling ratios was not statistically significant
between PBD-EG-6 and PBD-DEG-6, or between PBD-EG-3 and
PBD-DEG-3, there was a significant difference between PBD-EG-
X and PBD-TEG-X (p < 0.05), with the latter less swellable than
the former (p < 0.01) (Table S51). Overall, a longer crosslinker
(i.e., TEG vs. EG) in PBD-R-X leads to a tighter network structure,
possibly through increased hydrogen bonding when using
higher order glycols.

H,N
B -0 CF, o, o)\CFS HO. P P
HN™™ HN
HFIPS  CF, (o] £ \
pBD o SePCy, PhI(OAC), ) W  THF 40°C s
DCM, 23°C PBD-HFIPS-6 20h

48h

Scheme 2 Amination of PBD with HFIPS followed by sulfamoylation
of fluorophenethyl alcohol (4).
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Scheme 3 Generation of REACTS thermosets (PBD-XG-X) by alco-
holysis of PBD-HFIPS pre-polymers using glycol crosslinkers. X =
3 mol% or 6 mol%.

Oscillatory rheology showed that REACTS specimens behave
as viscoelastic solids (Fig. 2A). As anticipated, frequency sweep
experiments showed storage (G') moduli above loss (G”) moduli
without any crossover points. Differences in crosslink density
between PBD-TEG-6 and PBD-TEG-3 are revealed in a signifi-
cantly higher plateau modulus for the former; affine network
theory (i.e., G o« M.)**** suggests ca. 4-fold reduction in molar
mass between crosslinks for PBD-TEG-6. For comparison,
photochemical thiol-ene crosslinked PBD samples were
synthesized at similar target crosslinking densities (PBD-Thiol-
X).** These PBD-Thiol-X specimens approximate the random
crosslinking (i.e., destruction of polymer microstructure) affor-
ded from Sg vulcanization.**** The same trend was observed in
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Fig. 2 (A) Frequency sweep of PBD-Thiol-X and PBD-TEG-X cross-

linked specimens. (B) Compression analysis of representative PBD-
TEG-X samples compared to PBD-Thiol-X.
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these specimens, with the higher crosslink density sample
resulting in a higher plateau storage modulus.

We then carried out compression testing analysis on
emblematic PBD-TEG-X specimens (Fig. 2B and S40-S421);
these samples were the easiest to mold across all the PBD-R-X
series, thereby serving as ideal representative formulations to
probe mechanical properties of REACTS materials. As antici-
pated, we see that both PBD-TEG-3 and PBD-Thiol-3 are softer
than PBD-TEG-6 and PBD-Thiol-8. Qualitatively, relative to PBD-
TEG-6, PBD-Thiol-8 is stiffer with lower stress and strain at
break while PBD-TEG-3 is softer with a higher strain at break
than PBD-Thiol-3 (Fig. S37-S39t). Overall, despite PBD-TEG-X
following the same trend as PBD-Thiol-X (i.e. lower density
crosslinking leading to softer materials with lower strain at
break), only the REACTS samples have the prospect for facile
deconstruction to soluble byproducts (vide infra).

Next, the thermal stability of all PBD-R-6 and PBD-R-3
networks were analyzed using thermal gravimetric analysis
(TGA). These materials showed a two-step decomposition curve,
characteristic of aminated polydienes reported by Boydston
and our group,'® with sulfamate groups thermally decomposing
prior to the decomposition of the PBD backbone. Using 10%
mass loss as the metric for REACTS specimen decomposition
(Td,10%), we observed that PBD-R-6 samples had higher
decomposition temperatures compared to their PBD-R-3 coun-
terparts. We also observed that as crosslinker length increased
(i.e., EG to DEG to TEG) decomposition temperature decreased,
spanning PBD-TEG-3 (Tq,100, = 194 °C) to PBD-EG-6 (T 100 =
282 °C) (Fig. S27-S321). The ability to tune the thermal stability
of REACTS materials is distinct from PBD-Thiol-X samples that
decompose at similar temperatures independent of crosslink
density (Ty 100 = 395-401 °C) (Fig. S25-5267).

To demonstrate reprocessability of the REACTS platform,
samples were decrosslinked using phenol under basic condi-
tions (Table 1)* to afford soluble polymer (Fig. 3A) and diphenyl
glycol products alongside potassium sulfite. Isolated yields
following removal of the small molecule byproduct were good to
moderate (36-76%). As confirmed by "H NMR spectroscopy,
network deconstruction affords amine-functionalized PBD that

Table 1 Decrosslinking conditions for selected PBD-R-X specimens

o
m \\S/NHD OH o0 é
o 9 2
ol L = Z 4 .
&R K,CO4 m o ! 0
o o/ THF, 45-60°C NH o
S PBDRX  16-48h 4 §
e} { EG wf
P\/\H\/—wk i DEG L
b n i T

m
o

Temperature
Specimen Time (h) (°C) Isolated yield
PBD-EG-3 24 45 57%
PBD-DEG-3 16 45 54%
PBD-DEG-6 48 60 76%
PBD-TEG-3 20 45 36%
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Fig. 3 (A) sample images of REACTS sample PBD-DEG-3 before and

after decrosslinking. *H NMR spectra of (B) PBD prior to REACTS
crosslinking and (C) following network deconstruction of REACTS
sample PBD-DEG-3. Scale bar =1 cm.

is nearly indistinguishable from virgin PBD used to originally
construct the networks (Fig. 3B and C).

This process, which could be observed visually (Fig. S477),
proceeds from a swollen network to soluble products over ca.
16-48 hours; the exact conditions (i.e., time and temperature)
for the selected REACTS samples empirically depended on
crosslinker density and identity. Ostensibly, the low HFIPS
density translates to an indetectable amount of free amine in
the resultant PBD product by "H NMR spectroscopy. As "H NMR
spectroscopy is not suitably sensitive to demonstrate the pres-
ence of the free amines, the PBD-NH,-3 material following
thermoset deconstruction was fluorinated via an amidation
reaction with trifluoracetic anhydride. This method generated
a "F NMR handle which could be used to characterize the
amount of free amine on the parent PBD backbone (Fig. S12 and
S187t); the amount was calculated to ca. 4% of monomers ami-
nated after decrosslinking PBD-R-3, which is comparable to the
ca. 3% of monomers aminated in PBD-HFIPS-3. Further, this
claim is corroborated by nearly identical analytical gel perme-
ation chromatography (GPC) retention times (Fig. S11) between
virgin PBD and the thermoplastic material recovered after
decrosslinking. Importantly, neither component of the two-step
crosslinking protocol nor the deconstruction procedure
impacts polydiene backbone length or microstructure. Finally,
to further exhibit the reprocessability of REACTS specimens,
decrosslinked material described above (i.e., PBD-NH,-3) was
resubjected to another round of amination with HFIPS (Fig. S13
and S191). The resulting (PBD-NH,-3)-HFIPS-6 was then re-
crosslinked with TEG; the same reactivity and curing proper-
ties as seen in the virgin materials were observed via vial
inversion tests (Fig. S497).

Conclusions

In conclusion, we have demonstrated the utility of post-
polymerization C-H allylic amination to access deconstruct-
able thermoset elastomers. Using the REACTS platform, a two-

1126 | Chem. Sci, 2025, 16, 1112311127
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step procedure was developed that retains the original poly-
diene microstructure during generation of electrophilic
sulfamate-tagged pre-polymers. Subsequent crosslinking via
sulfamoylation with a variety of diols allows for tuning of
mechanical properties as a function of crosslinker identity and
density. Lastly, treatment of REACTS samples with an exoge-
nous nucleophile effects thermoset deconstruction and regen-
eration of soluble aminated*®*’ thermoplastic elastomers that
can be reprocessed using a subsequent REACTS cycle. It is
envisioned that this technology will be broadly applicable in the
crosslinking of other unsaturated thermoplastics and ulti-
mately represents a novel strategy to reversibly construct and
deconstruct polymer networks in a nearly traceless fashion.
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