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ABSTRACT: Inverse vulcanized polymer materials have received considerable attention as a way to use sulfur, an industrial
by-product, as starting material for synthesis. The resulting high-sulfur content polymers have also been investigated because
their properties give rise to promising applications like infrared imaging, energy storage, and heavy metal capture due to
their unique structure. However, synthesis of a flexible sulfur polymer network which shows good mechanical properties
combining high strength, high elongation, and high toughness is still a significant challenge. Moreover, further exploration of
the properties of sulfur polymers to better understand the relationship between the polymers’ structure with their
performance is still needed. Here, a range of crosslinked sulfur polymers with high tensile elongation and toughness, and
without losing high strength were successfully synthesized. The obtained crosslinked sulfur polymers show high solvent
tolerance in most organic solvents but are demonstrated to be chemically de-crosslinked in polar solvents
dimethylformamide, dimethylacetamide and N-methyl-2-pyrrolidone and can be re-crosslinked after removing the solvent
due to the high sulfur ranks present in the polymer network. Despite the significantly improved mechanical properties, highly
efficient thermal recycling performance typical of inverse vulcanized polymers was retained. Flexibility and durability,
combined with chemical and thermal recycling, could open a new door for wider applications of inverse vulcanized polymers.

INTRODUCTION

Inverse vulcanization, coined by Jeffery Pyun et al,,! is a
method of combining inorganic sulfur and organic
monomers into a new type of sulfur-containing polymer.2 3
Sulfur, as an industrial by-product, is cheap and abundant.*
5 Inverse vulcanization makes it possible to transform this
waste raw material into useful polymeric materials. The
material obtained through this method is a kind of polymer
network, based on sulfur chains crosslinked through
organic co-monomers, which shows unique and interesting
properties which most traditional polymers lack such as
high refractive index® and intrinsic dynamic function?’. To
date, various promising applications of this kind of polymer,
such as infrared imaging®8'3 Li-sulfur batteries,*16
antibacterial materials,!” healable materials,13. 1820
fertilizers,?! heavy metal capture,?226 adhesives?’” or
crosslinking agent,?8-3° have been developed by varying
crosslinker categories or adjusting stoichiometry of the
comonomers. For example, crosslinkers 1,3-
diisopropylbenzene,? 1,3,5-tri-isopropenylbenzene,13
tetravinyltin, 12 1,4-butanediol divinyl ether, and di
(ethylene glycol) divinyl ether etc.1® were used in infrared
optical applications; crosslinkers limonene,?2 myrcene,?*
dicyclopentadiene,? and farnesene etc.’ were used in heavy
metal capture. Concurrently, basic parameters of the
polymers, for instance, glass transition temperature (Ty),
solubility, thermal properties and mechanical properties
could be altered by changing crosslinker.

However, it is still hard to obtain inverse vulcanized
polymers combining high strength, high elongation, and
high toughness simultaneously, resulting from obvious
contradiction between high bonding interactions for
strength with molecular chains arrangement for stretch-
ability, as well as the weakness of sulfur-sulfur (S-S)
backbone bonds. Typically, inverse vulcanized polymers are
formed by reacting sulfur with a crosslinker or blending
crosslinkers in one step, so fully cured polymers generally
have relatively high strength, high T, and high solvent
tolerance, but very low breaking strain (<15%) caused by
their highly crosslinked structures.!® 13, 20,31-37 Conversely,
not fully crosslinked polymers can be formed as stretchable
material with low Tg, but all have very low strength (<2.0
MPa), and most of them are soluble in common solvents."
12, 19, 33, 3840 This disadvantage of inverse vulcanized
polymers limits their wider application in the areas that
require the materials to have multiple tolerance to complex
environments. Hence, it's highly desirable to identify
flexible crosslinked sulfur polymers with high strength,
high strain, high toughness and great solvent tolerance to
allow wider potential applications in practical
environments. Moreover, as inverse vulcanized polymers
have a short developing history, there is still much needed
to be done to discover, understand and explore the
relationship between polymer structure and performance.
Recently, the Chalker and Hasell laboratories discovered
that pyridine and other nucleophilic amines can catalyze S-
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Figure 1. Schematic for the designed inverse vulcanized polymers: a) monomer structures, b) synthesis process, and c) polymer

structure and network architecture illustration.

S metathesis in polysulfide polymers, which is a unique and
useful chemical behavior of inverse vulcanized polymers
warranting further investigation.#! They showed this
reaction can be used to repair and recycle polymers made
by inverse wvulcanization. In our study here, we
demonstrated for the first time that the solvents
dimethylformamide (DMF), dimethylacetamide (DMAc)
and N-methyl-2-pyrrolidone (NMP) facilitate homolytic
cleavage of S-S bonds of sulfur polymers when sulfur rank
is 3 or higher. This surprising discovery was demonstrated
to be useful in de-crosslinking, recycling and reforming of
these polysulfide polymers. Even for traditional thermoset
materials, selective solvent degradation and recycling are
difficult to achieve.

Regarding the problems raised above, we provide a
potential solution starting from the design of a polymer
structure using two-step inverse vulcanization as reported
in our previous work.33 We propose that a low-activity
crosslinker, which will react with the functional groups of
the prepolymer, can allow the linear part of the polymer
more time for chain growth in order for the molecular
weight of those segments to increase. Here, the crosslinker
acts as not only as a crosslinking agent but also a solvent to
reduce the viscosity of reaction system, which makes the
crosslinking reaction more uniform, forming a more
homogeneous copolymer. Theoretically, higher molecular
weight of the linear segments should endow higher
ductility, while rigid crosslinking connections should
provide high strength. To combine those two
considerations in this work, span 80 (Span), a trifunctional
aliphatic monomer containing a carbon-carbon double
bond, was used to react with sulfur to form a linear pre-
polymer first, and difunctional aromatic monomer
bisphenol A diglycidyl ether (BADGE) was selected as
crosslinker in the second synthesis step following the
principle that hydroxyl groups (on the Span) have a low
reactivity with epoxy groups (on the BADGE) to form
crosslinked sulfur polymers. The produced polymers show

high elongation as designed, as well as high strength and
toughness. A range of combinations of strength, strain,
young’s modulus, toughness, T, solubility and hardness
were altered by adjusting the stoichiometric ratio of
functional monomers. The resultant materials with
crosslinked structure have a significant improvement in
mechanical properties compared with the reported sulfur-
based polymers, which allow them to resist deformations
by stretching, bending or twisting at same time, resulting in
a reshaping and shape memory property that allows
complex 3D shape deformation and recovery which could
not be achieved if the polymer has poor mechanical
properties or a low degree of crosslinking. Owing to the
widely known dynamic property of the intrinsic S-S bonds
of polymer networks, the polymers show a good thermally-
induced recycling, healing, and reprogramming abilities via
network rearrangement, but show an impressive higher
recovery efficiency combined with improved mechanical
properties in comparison to other reported sulfur-based
polymer networks. More importantly, it is demonstrated for
the first time here that DMF, DMAc and NMP are able to
facilitate S-S bond cleavage, which enabled the polymer
network to break and reconnect dynamically.

RESULTS AND DISSCUSION
1. Design and synthesis of inverse vulcanized polymers
Introducing a new cross linkage bond into sulfur

polymers through inverse vulcanization in two steps. A
trifunctional monomer, Span containing a carbon-carbon
double bond was used here to react with sulfur (Ss) to form
a stable linear polymer in the presence of catalyst zinc
diethyldithiocarbamate (Zn (DTC)2), which has been
demonstrated in our previous work33, and BADGE was
considered as secondary crosslinker, due to the reasons
described in the introduction section, to crosslink the linear
parts into polymer networks. Chemical structures of those
monomers are shown in Figure. 1a. To realize this
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Figure. 2 Monitoring the polymer synthesis using 1H NMR and GPC in THF: a) 1H NMR spectra of raw materials and obtained polymer
BA50 and b) weight average molecular weight of uncured polymers as a function of crosslinking time.

experimental idea, a control experiment for the reaction of
Span with BADGE was carried out to evaluate the
possibility. The schematic of this reaction is shown in
Figure. S1. Nuclear magnetic resonance spectroscopy
(NMR) and Fourier transform infrared spectroscopy (FT-
IR) were used to monitor the reaction. Comparing the
integral ratio of typical peaks from 'H NMR spectra of
monomers BADGE and Span (Figure. S2 and Figure. S4) with
that from the 'H NMR spectrum of the product (Figure. S3
and Figure. S5), we can see that peaks at "6=" 3.31 ppm, 2.86
ppm and 2.72 ppm which belongs to the epoxy group from
BADGE decreased as the reaction proceeds, and a peak at
"6%" 5.34 ppm belonging to the C=C bond from Span had no
change after the reaction. Also, from FT-IR spectra of
monomers and the product in Figure. S6, it is obvious that
the typical peak at ~912 cm of the epoxy group*?
decreased after reaction. This result confirmed the epoxy
groups in BADGE can react with hydroxyl groups in Span to
form a crosslinked structure and there is no self-
polymerization of Span occurring during the heating
process. Thus, inverse vulcanization of Ss, Span and BADGE
formed sulfur polymer networks as shown in Figure. 1b.
Through adjusting stoichiometric ratio between hydroxyl
groups and epoxy groups, a wide range of crosslink
densities of polymer networks were obtained as shown in
Figure. 1c. Polymers were named as BA-x, where x
represents stoichiometric ratio value, and higher value
means a higher degree of crosslinking in the polymer.
Detailed illustration and experimental procedures about
polymer design and synthesis can be found in the
Supporting Information (SI). It is worth noting that toxic
H:S gas may be generated during inverse vulcanization,
requiring operator awareness for safety.

Characterizations of obtained polymers. NMR was
performed to monitor the formation of the expected
polymers’ structure. Due to our polymer being insoluble in
most common solvents, discussed in detail in the next
section, it is difficult to get a clear NMR spectrum of the
polymer using solution NMR in common solvents. However,
as mentioned above, pyridine recently was found to be able
to chemically break S-S bonds allowing inverse vulcanized
networks to dissolve.*! There should be little signal change
of chemical shifts belonging to hydrogen or carbon in the
polymer from breaking the S-S bonds in this way. So,
deuterated pyridine was successfully used as a solvent for

NMR characterization here. The monitoring method is
based on the integral ratio change of a reactive bond with
an unreactive bond, which is explained detailed in SI
(Figures. S7-S15). Taking polymer BA50 as an example to
analyze 'H NMR results, as shown in Figure. 23, it can be
seen that the peak ("6%" 5.47 ppm) belonging to hydrogens
of the C=C bond, and the peaks ("6=" 3.35 ppm and "&z"
2.67,2.76 ppm) attributed to hydrogens in the epoxy group
all disappeared after reaction. In addition, there is a new
peak ("6%" 5.63 ppm) formed which belongs to hydrogens
in formed -OH groups after reaction. Moreover, 3C NMR
spectra of raw materials and obtained product also can
been found in Figures. S13-S16, which further prove all
starting materials were consumed and new linkage bonds
were formed as expected. Additionally, monitoring of
polymer BA100 formation using 'H NMR and 13C NMR
spectra was conducted, and results are shown in Figure. S17
and Figure. S18, which suggests all monomers reacted as
expected and a polymer network with a new kind of cross
linkage bond was formed. Gel permeation chromatography
(GPC) was used to monitor polymer chain growth during
crosslinking reaction, thanks to the uncured polymers being
soluble in common organic solvents. Figure. Zb shows that
there is a trend of increasing molecular weight with
crosslinking reaction time for each polymer, suggesting the
reaction happened as expected and polymers undertake a
uniform polymer chain growth during the crosslinking
reaction. The typical GPC curves of each polymer are shown
in Figure. S19, where specific molecular weight data and
dispersity of each polymer in specific reaction time can be
found.

FT-IR, Differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA) and X-ray diffraction
(XRD) were used to characterize the structure and thermal
properties of obtained polymers. According to the FT-IR
spectra of Span and pre-polymer S-Span (Figure. S20a), the
peak attributed to stretching vibration of C=C-H and C=C in
Span at 3080 cm ! and 1600 cm-! disappeared after reacting
with sulfur, and a new peak belonging to C-S bond at 465
cm ! was formed. Additionally, from FT-IR curves of BADGE
and polymer BA100, the typical peak belonging to
deformation of epoxy ring in monomer BADGE at 912 cm!
totally disappeared after polymerization and there is no
change for other typical peaks belonging to Span and
BADGE. This indicates that the C=C bonds were consumed
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Figure. 3 a) The typical stress-strain curves of obtained polymers under strain rate 10 mm/min. b) Stress-strain curves in cyclic
tensile tests of polymer BA50 under strain rate 5 mm/min. c), d) Average young’s modulus, toughness, maximum strength and
breaking strain of obtained polymers. e) Comparison of tensile strength and strain of our polymers with other sulfur-sulfur bond
based inverse vulcanized polymers. f) photo record of polymer BA75 in stretching process.

by sulfur and epoxy groups were consumed by pre-polymer
as expected. Moreover, the peak belonging to -OH groups of
the polymer network shifted right compared with that of
pre-polymer, indicating H-bonds were formed inside the
polymer network. Similar results for the other three
polymer systems were also recorded (Figure. S20b),
suggesting that all polymer networks with designed
structure were obtained. DSC (Figure. S21) and XRD
(Figure. S22) show that there is no unreacted crystalline
sulfur remaining in the obtained polymers, and there is a
significant crosslink density dependence of Ty (polymers
with higher designed crosslink density show higher Tj).
TGA results (Figure. S23) reveal that all polymer networks
have a good thermal stability, and the specific degradation
temperature of each polymer can be found in Table S2.

Basic physical properties characterizations. Solubility
experiments were performed to demonstrate the formation
of a crosslinked structure in the obtained polymers. A
detailed description of the experimental method can be
found in SI, as well as photographic records (Figure. S24 and
Figure. S25). From the results, we can see that all four
polymers are insoluble in organic solvents such as toluene,
tetrahydrofuran (THF), chloroform, acetone, and ethyl
acetate (EA). Only a slight soluble fraction of some
oligomers was dissolved by these solvents causing a light
color change. There was no shape change in the polymers
with 50% or higher crosslink density, even after soaking in
toluene for ten days, although the least crosslinked sample,
BA25, at only 25% crosslink density, did fragment. The gel
fraction of each polymer in different solvents were
calculated (Figure. S26). The polymers with higher
theoretical crosslink degree have a higher gel fraction
regardless of solvent type. In support of our expectation, the
results of tensile tests (Figures. 3a, 3c and 3d, Table S2)
suggest that all obtained polymers exhibit a highly
stretchable performance (Figure. 3f) with high toughness

and without losing high strength. Importantly, the
mechanical properties of the polymers were exactly
controlled by adjusting the crosslink density. Tensile
strength, Young’s modulus and toughness have a significant
dependence on the crosslink density. In principle, rigid
linkage bonds and intermolecular interactions can improve
the strength and modulus of polymers but result in a high
resistance to polymer chain rearrangement which is the
main root of high elongation. On the contrary, lower degree
of chemical connectivity can give high mobility and chain
rearrangement activation to a polymer but low strength.
For instance, polymer BA25 with the lowest crosslink
density has the lowest strength (0.48+0.07 MPa), Young’s
modulus (0.24+0.01 MPa) and toughness (47.12+8.97 | /m3)
as less rigid linkage bonds cannot endow high strength and
modulus to the polymer. Instead, polymer BA100 with the
highest crosslink density has the highest strength
(13.21+£0.34 MPa), Young’s modulus (470.65+11.64MPa)
and toughness (1273.36+239.67 ]/m3). The strength of
other two polymers range in-between them. For elongation,
polymer BA50 has the highest value (215.15%+12.23%)
due to a suitable combination of rigid linkage with chain
rearrangement activation. Notably, polymers were adjusted
from typical elastic to typical plastic performance, as shown
in Figure. S28, deformations of polymers BA25 and BA50
are recoverable but that of polymers BA75 and BA100 are
permanent. Moreover, as shown in Figure. 3b, polymer
BAS50 has a good cyclic recoverable tensile property with
the maximum strain 100% during its elastic deformation
range, and there is only a small hysteresis in first cycle and
no obvious stress decrease in following cycles (Figure. S29).
As mentioned in the introduction, most reported inverse
vulcanized polymers have poor mechanical properties;
some of them can reach high strength but show very low
stretch-ability, or high stretch-ability but have very low
strength and low solvent tolerance. Compared with those
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Figure. 4 a) Gel fraction of obtained polymers in THF, DMF, THF after DMF dissolved, and THF after DMF-induced recycled process.
b) Comparison of the weight average molecular weight of the soluble fractions of each polymer in control group 1 and group 3. c)
DSC curves of polymers before and after DMF-induced recycled process under 80 °C and 140 °C respectively. d) Proposed mechanism
of chemically-induced recycling property (symbols for top of the figure can been found in figure 1c). The amide solvent is proposed
to coordinate to the S-S bond, weakening it and lowering the energy needed for it to cleave to radicals.

reported polymers, our polymers fill the mechanical
properties of the middle area of the combination which was
lacking until now (Figure. 3e). Very recently, Jeffrey Pyun’s
research team reported a kind of segmented polyurethanes
(PU) with sulfur with improved mechanical properties.*?
While this is a notable advance, it differs significantly from
the network structure of most inverse vulcanized polymer
networks. Rather, the material they synthesized is based on
aa branched PU-backbone sulfur containing polymer, rather
than a crosslinked network and as a result is completely
soluble.

2. Functional properties and potential application of
the crosslinked polymers

Chemically-induced recycling ability. Various evidence
shows that the obtained polymers have -crosslinked
structures, but those polymers were surprisingly found to
be dissolved by DMF as well as pyridine. Pyridine is known
to be able to cause chemical changes in inverse vulcanized
polymers, rather than merely acting as a simple solvent.*0
Therefore, in order to determine whether DMF is simply
acting as a good solvent for polymers, indicating incomplete
crosslinking, or if there is chemically-induced bond
breaking happening, four control experiment groups were
carried out (Figure. S30). This involved attempting to
dissolve the polymers in either THF or DMF, or in THF after
dissolving in DMF with or without a curing step in between.
From the colour change of the four groups’ results and
calculated gel fraction value of each group (Figure. 4a), it is

obvious that polymers cannot be dissolved by THF (Group
1) but can be mostly dissolved by DMF (Group 2), and
surprisingly the soluble fractions in DMF can be mostly
dissolved by THF (Group 3). If DMF were acting simply as a
solvent, the chemical structure would not be changed after
dissolution, so the soluble fractions there should be still
insoluble in THF. So, this result suggests that some chemical
bond breaking happened during dissolution by DMF. The
GPC analysis for soluble fractions of control Group 1 and
control Group 3 was carried out to demonstrate molecular
weight (Mw) of polymer change during dissolving by DMF.
Taking BA25 in Fig. 4b as an example for analysis, the Mw
of 100% soluble BA25 in Group 3 is much lower than the
Mw of 35% soluble BA25 in Group 1. Normally, the soluble
fractions of crosslinked polymers belong to some oligomers
with low Mw. Here that the Mw of partly soluble fractions
much higher than the Mw of totally soluble fractions means
that the molecular weight of polymer BA25 was reduced
through bond-breaking induced by DMF. For the other three
polymers, similar results were obtained. The typical GPC
curves with exact Mw and dispersity of the four polymers
are shown in Figure. S31. In addition, GPC of soluble
fractions of control Group 2 was conducted using another
GPC with eluent DMF. Due to equipment difference, those
results cannot be directly compared with the results from
GPC (THF), but the results suggest there is not much
molecular growth for polymers even after around 20 h
curing compared with GPC results of uncured polymers
using the same equipment (Figure. S32). That further
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indicates that DMF may induce chemical bond breaking as
it shows little difference between the molecular weight of
uncured and cured polymers, whereas early reaction stage
products dissolved in THF did show an increase in Mw as a
function of curing time (Figure. 2b). DMF can penetrate
most polymers and, rather than acting merely as a solvent,
it is also known to function as reagent, Lewis base,
stabiliser, or catalyst in many reactions.** 4> Model
experiments on effect of DMF on polymers were carried out,
GPC of two polymers S-Span and Span-BA in THF were
conducted before and after dissolving in DMF. Figure. S33
shows there was a change in molecular weight distribution,
which must require chemical changes, observed in the S-S
based polymer S-Span but not in the polymer Span-BA
which lacks disulfide bonds. Additionally, it was found that
the obtained polymers can also be fully dissolved by NMP
and DMAc (Figure. S34), which have similar chemical
structure with DMF, suggesting that these polar solvents
play a role in assisting with the cleavage of S-S bonds. This
theory was tested in a series of model crossover reactions.
Accordingly, a mixture of dimethyl disulfide and dipropyl
disulfide or dimethyl trisulfide and dipropyl trisulfide were
exposed to DMF, DMAc, NMP, and THF (as a negative
control), to determine if S-S metathesis and crossover was
induced by any of these solvents (Figures. S35-S44). No
exchange was observed for the disulfide system, in which
the strength of the S-S bond is stronger.*¢ However, for the
trisulfide model compounds, exchange was observed in all
three amide containing solvents, with equilibrium being
reached within 1 hour at room temperature. There was no
such exchange in the absence of solvent, so the solvent is
necessary for promoting the S-S metathesis. In THF some
exchange did occur, but took much longer, with the
crossover product only observed after 24 hours, and still

not at equilibrium. To test if the observed trisulfide
metathesis reactions occur by an anionic or radical
mechanism, the same reactions were repeated but with 10
mol % of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
in the reaction mixture. TEMPO is a common radical
scavenger designed in this experiment to react with and
quench any thiyl radicals formed in the S-S metathesis
reaction. TEMPO would not inhibit the S-S metathesis if an
ionic mechanism was operative. For all of the solvent
systems, the crossover reaction was either entirely
prevented, or severely inhibited, in the presence of TEMPO
(Figures. S45-S54). These crossover experiments show that
DMF, DMAc and NMP can promote an S-S metathesis
reaction in trisulfides, but not disulfides, suggesting that a
relatively high sulfur rank in the crosslinked polymers
enables their dissolution. If the crosslinked polymers
contained a significant proportion of disulfide bonds, then
the network would likely still be held together, even if some
higher rank S-S bonds were broken. The inhibition of the
crossover reaction by TEMPO suggests that the S-S
metathesis reaction proceeds through a radical mechanism.

Fractions soluble in DMF were found to become
insoluble in THF again after further curing (Group 4 in
Figure. 4a). According to Figure. S55a, FT-IR curves of
polymer BA75 and chemically recycled BA75 are totally
overlapped without any new peak appeared or original
peak disappeared, illustrating that the recycled sample is
chemically unchanged to the original. The same results can
be obtained for other three polymers from Figure. S55b.
Furthermore, it was found that chemically broken-down
polymers could be recovered to a crosslinked state at mild
temperatures like 80 °C and not only at the higher
temperature of 140 °C. Recycled samples of polymers
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Figure. 6 a) Example of reversible shape memory and solid-solid reshaped performance of crosslinked polymer BA75. b) Mechanistic
illustration of permanent reshaped property of the crosslinked sulfur polymer.

mostly recovered their crosslinked densities (Figure. S56),
and their Ty showed effective recovery - with the higher
curing temperature resulting in a higher Ty after recycling
(Figures. 4c and S57, S58). The same results (Figure. S59)
were observed for other two solvents NMP and DMAc
taking highest crosslinking density polymer BA100 as an
example. A proposed mechanism by which amide solvents
degrade the crosslinking of the networks is shown in Figure.
4d. Here, the DMF and structurally similar amide-based
solvents, may assist in breaking the hydrogen bonding in
the network, as well as reducing the energy needed to
cleave weaker, higher rank, S-S bonds. A re-curing process
gives the degraded polymer a chance to recover its
crosslinking degree by a thermally activated S-S metathesis
reactions, resulting in the recovered insolubility of the
recycled polymer in common solvents.

Thermally-induced recycling, self-healing, solid-solid
reprogramming and shape memory. It's widely known
that disulfide bonds are a kind of reversible covalent bond
that has been used in vitrimers and the research of
recyclable polymers.#’4° Here, our polymers contain a
prevalence of S-S bonds due to sulfur backbone. It is
plausible that thermally-activated bond breaking and bond
formation could happen within our polymer networks,
endowing those crosslinked polymers recycling ability
despite their chemically covalent connectivity. Dynamic
mechanical analysis (DMA) was used to evaluate the
thermal dynamic properties of polymers BA-X. As shown in
Figure. 5a, polymer BA75 has an obvious shape deformation
above topology freezing temperature (7v) at around 90 °Cin
this testing system, demonstrating this crosslinked polymer
can be reshaped under external force at higher temperature
in short time. To be clear, Ty is a concept different from the
physical parameter Ty, which is not a constant value and is
a relevant value for certain experimentally observed time
frames.5° Here, around 90 °C is considered as a reference Tv
for polymer BA75 and the following experiments were
designed according to this temperature. In addition,
polymer BA100 has a higher Tv compared with polymer
BA75 (Figure. S60), as higher degree of chemical
connectivity results in a higher limitation for the reversible
bond breaking-formation reaction. Attractively, all obtained
polymers show a similar high stress relaxation speed at 100
°C, as shown in Figure. 5b, where all stress of polymers
relaxed to zero by 300 s. That means the crosslinked
polymers BA-x can obtain a fast recycling speed without

needing high temperature or harsh conditions. Additionally,
activation energy (28.6+8.5 kJ/mol) of polymer BA100 for
dynamic bonds reaction was calculated according to Figure.
S61. According to these results, we can expect that the
crosslinked polymers can be recycled or reshaped rapidly
without a typical solid-liquid transition present for linear
polymers.

That good mechanical properties of a crosslinked
structure polymer can be efficiently recycled many times,
provides a highly promising property of the material. A
crosslinked polymer that shows a poor mechanical
property and has recycling ability, while interesting as
proof of principle, is less relevant for many wider practical
applications. Hence, reprocessing, self-healing, and
reshaping experiments were performed on the polymers
and tensile measurements were recorded for each recycled
sample. The experimental procedure and photographic
records can be found in Figure. 5f, SI, and Figures. S62 and
S63. As shown in Figures. 5c and 5d, polymer BA75, which
was reprocessed 5 times, presents a good recycling ability
with average 82.7% strength recovery rate, 121.3% strain
recovery rate, 100.2% Young’s modulus recovery rate, and
87.8% toughness recovery rate during every cyclical
experiment. The results of FT-IR, DSC and XRD for recycled
samples in Figures. S65, S66 and S67 demonstrate that
polymers’ chemical structure remained unchanged, there
was a slight increase of Ty, and there is no crystalline free
sulfur formed during the reprocessing. Recycling
experiments of the other three polymers were also carried
out, and the results as shown in Figures. S68-S71 exhibit
that all those crosslinked polymers show a good recovery
rate of mechanical properties, where the strength or
breaking strain of some of them can be fully recovered.
According to Figures. S72-S75, the FT-IR, DSC, and XRD
curves of recycled polymers BA-X show that all polymers
are chemically stable and can be recycled without structure
change or significant T, change. In addition, a self-healing
experiment was carried out for polymer BA50, as shown in
Figures. 5f1 and 5f3, the healed sample maintains its
stretchable property thanks to re-connectivity of chemical
linkage via dynamic reaction of S-S bond. According to the
tensile test results in Figure 5e, the broken sample just can
get about 25% recovery rate after healing for 40 min but
could reach near 90% recovery rate when the healing time
was extended to 2 h.



As we discussed in the section above, the obtained
polymers show enhanced mechanical properties with good
deformation resistance ability or flexibility to stretching,
bending, or twisting, and all present a clear phase transition
performance after being heated above T, which gives them
an attractive function, shape memory behavior. And it was
proved that the polymers could be recycled or repaired, so
they could be potentially reshaped in the solid state upon
the principle that the polymer network architecture can be
altered via reversible reaction of dynamic S-S bonds. Hence,
combining those two features, the distinct shape memory
and reshaping property of polymer BA75 was investigated.
Although we have shown the shape memory ability of sulfur
polymers in our previous work, the previous material has a
rigid structure compared with this material such that it
could only achieve some simple shape changes - without
any twisting or stretching force applied.3? However, here
although the polymer BA75 has a relatively high crosslink
density, it is flexible rather than rigid, meaning complex
shape deformation and robust temporary shape
maintenance can be easily achieved. As shown in Figure. 63,
an original twin spiral shape al can be reshaped into
temporary shape b1 which is recoverable depending on the
temperature applied, and could also be reprogrammed into
a new permanent shape a2 which is unrecoverable but still
maintains an elastic shape memory property as shown in a
new temporary shape b2. Two videos showing those
processes are available in the supporting information.
Permanent shape al also can be ‘Tecovered’ through
reshaping of shape a2, which is a kind of chemical recycling
form difference with elastic/physical recovery of form. The
mechanism of this function as illustrated in Figure. 6b: the
polymer network topology will be arranged via dynamic
exchange reaction between S-S bonds, resulting in shape
change but without losing crosslinked connectivity. This
interesting combination function of the polymers can be
applied in multiple repetitions or combinations to achieve a
variety of complex original shapes based on the
requirement of shape memory function in specific needs. A
simple example can be found in Figure. S76.

Potential application as substrate in stretchable sensor.
Recently, investigations on conductive polymer composites,
which are made from attaching conductive fillers like gold,
silver or liquid metal into polymer substrates, have drawn
much research attention because of the potential of the
obtained polymer composites to be applied in sensors or
wearable materials.>’>> Compared with traditional
polymers, using a sulfur-containing polymer as substrate
allows for a more stable or more homogenous conductive
polymer composite with stronger binding ability between
contact surfaces, as there will be coordinate bonds formed
between metal and sulfur.1 5657 Hence, our polymer based
on a sulfur backbone should show an obvious advantage
here, where a uniform dispersion of metal filler in polymer
will be formed as shown in the scheme in Figure. 73,
compared with traditional polymers. However, there is only
report!® which investigated the conductivity sensitivity of
inverse vulcanized polymers during deformation until now,
mainly because their poor mechanical properties limit
deeper exploration on this field of application. In that work,
the authors showed that liquid metal was composited with
a matrix of inverse vulcanized polymer poly (S-di-

isopropenyl benzene) and the obtained material showed
resistive sensitivity toward compressive force. However,
the polymer they synthesized does not have any stretch
ability (breaking strain<10%) and showed a very low
tensile strength (~0.26 MPa). Inspired by the above
research background, we explored a new potential
application of inverse vulcanized polymers as stretchable
sensors, as our polymers show an improved mechanical
property combining high strength with high elongation.
Here, fully taking advantage of the chemically-induced
recycling, nanosilver particles (Ag) were introduced into
polymer BA50 through sonication of DMF solution (Figure.
S77). The energy dispersive spectroscopy (EDS) mapping
images of composite Ag-BA50 surface shown in Figure. S78
suggests that Ag particles were uniformly dispersed in the
polymer matrix. The polymer composite Ag-BA50 shows a
strong resistance sensitivity towards stretching force as
shown in Figure. 7b, hence, it is able to be used in a potential
application like stretchable sensor materials. It is beneficial
for these polymers to be applied in conductivity sensitive
materials, as they have various basic functions like repaired,
reshaped, recycled and shape memory behavior, which
could be combined with the sensitivity to make
multifunctional materials. We have not undertaken in-
depth investigation here, as the focus of this work is on a
new kind of material design and synthesis but our future
research will expand on these initial findings and we hope
these proof-of-principle results will enable deeper and
wider research.
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Figure. 7 a) Scheme of the interaction between silver with the

polysulfide loops in sulfur-polymer. b) Electrical sensitivity of

polymer composite Ag-BA50 under 0-30% strain.

CONCLUSIONS

In summary, the synthesis of a series of flexible inverse
vulcanized polymers with the combination of high strength,
high elongation and high toughness was carried out. This
was achieved by consideration of polymer structure design.
The physical properties of these polymers, such as Ty,
tensile strength, breaking strain, Young’'s modulus,
toughness, and hardness, were proved to be altered by
adjusting the stoichiometric ratio of the functional
monomers, such as adjusting the breaking strain from
113.2% to 215.1%. Importantly, the crosslinked polymers
were demonstrated to be resistant to common solvents but
could surprisingly be chemically dissolved and recycled in
DMF, DMAc or NMP, which could allow intentional removal
and recovery. Moreover, despite their crosslinked structure
and improved mechanical properties, the polymers were
found to still maintain highly recoverable thermal recycling.
In addition, the polymers with rational crosslink density
show excellent shape memory behavior with complex



shape design, which would not be possible to achieve with
poor mechanical properties. Finally, an example potential
application as stretching sensors, enhanced by their unique
sulfur-based structure and stretch ability, was illustrated.
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