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Aromatic disulfide metathesis has been reported as one of the very few
dynamic covalent chemistries undergone at room-temperature. Here,
bis(4-aminophenyl) disulfide is effectively used as a dynamic cross-
linker for the design of self-healing poly(urea—urethane) elastomers,
which show quantitative healing efficiency at room-temperature,
without the need for any catalyst or external intervention.

Perhaps inspired by nature, or maybe triggered by the need for
more durable materials in many industrial applications, self-
healing polymeric materials, which are able to autonomously
repair damage inflicted on them, are currently the subject of
active research."” A particularly useful approach to generate
self-healable polymers has been the introduction of reversible
or exchangeable bonds into the polymer network. The idea
behind this is to reconnect the chemical crosslinks which are
broken when a material fractures, restoring the integrity of the
material. This is expected to provide polymers with enhanced
lifetime and resistance to fatigue. Self-healing approaches
based on such dynamic crosslinks have been carried out using
both reversible covalent chemistries®® and supramolecular
interactions.'® One representative example is the supramolec-
ular self-healable elastomeric material developed by Leibler and
colleagues,™ based on H-bonding interactions. However, the
stronger nature of dynamic covalent bonds compared to non-
covalent ones offers the possibility to obtain self-healing poly-
mer networks with superior mechanical strength. Diels-Alder
reaction,'? transesterification,**** olefin metathesis,*'® radical
reshuffling,"”?° imine** or hydrazone* formation, siloxane
equilibration,” thiol-nanoparticle exchange** and aliphatic
disulfide exchange®*® are some examples of reversible covalent
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chemistries used for the design of self-healing polymers. In the
majority of these cases, an external stimulus such as pH,*** or a
source of energy such as heat''%'?%252¢ or light'?** is
required, in order to promote reshuffling of such reversible
chemical bonds. Moreover, to the best of our knowledge spon-
taneously self-healing thermoset elastomers presenting a
quantitative healing efficiency without the addition of a specific
catalyst have not yet been described. Here we describe a
permanently cross-linked material, based on a covalently cured
poly(urea-urethane) elastomeric network which, after being cut
in half with a razor blade, is able to self-mend by simple contact
at room-temperature. The system is based on the metathesis
reaction of aromatic disulfides,>®?° which are known to
exchange at room temperature, unlike their aliphatic counter-
parts, which require heat® or light* for the metathesis to occur.
A 97% healing efficiency of the material, as calculated by tensile
strength measurements, and its easy preparation from
commercially available starting materials make this new system
broadly applicable in a wide number of industrial sectors where
poly(urea—urethane)s are already used.

Among covalent bonds that are susceptible to undergo
reversible exchange at room temperature, metathesis of
aromatic disulfides offers unique opportunities (Scheme 1a),
due to its simplicity and availability. Metathesis of aromatic
disulfides has been reported to occur at room temperature both
in solution® and in the solid state®® using a tertiary amine as the
catalyst. However, to the best of our knowledge this reaction has
not been exploited so far for the preparation of self-healing
polymers. Thus, we chose a diamine molecule containing an
aromatic disulfide unit on its structure (bis(4-aminophenyl)
disulfide 1a, Scheme 1) to be used as a dynamic crosslinker in
poly(urea—urethane) systems.

As a model metathesis reaction, we studied the equilibration
of equimolar amounts of 1a and bis(4-methoxyphenyl) disulfide
2 in deuterated DMSO (see Scheme 1a). When the reaction was
performed in the presence of 0.1 equivalents of NEt;, the
equilibrium was reached in less than 1 hour. However, without
the addition of any NEt;, metathesis started in less than 1 hour,
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Scheme 1 (a) Reversible metathesis reaction of aromatic disulfides
la-b and 2. (b) Reference aromatic diamine crosslinker without
disulfide bonds. (c) Synthetic procedure for obtaining disulfide-con-
taining poly(urea—urethane) elastomer 9a and reference material 9b.

achieving the equilibrium in 22 hours, as shown by 'H NMR
(see Fig. S5 in the ESI), where a mixture of 1a (25 mol%), 2 (25
mol%) and 3a (50 mol%) was obtained. In order to corroborate
that the reaction did not occur by a self-catalysis effect of
primary aromatic amines present in 1a, the same experiment
was performed using 1b and 2, without NEt;. Interestingly,
when mixing equimolar amounts of 1b and 2, equilibration was
also achieved after 24 hours, corroborating that the exchange
reaction occurs without the need for any catalyst (see Fig. S67).

Poly(urea-urethane)s are widely wused in industrial
applications such as sealants, adhesives, paints and coatings,
insulating foams, etc.** These can be formulated as mono-
component or bicomponent systems, where a polyol resin is
crosslinked with a polyisocyanate, or vice versa, an isocyanate-
functionalised resin is crosslinked with polyols or polyamines
by ambient humidity (monocomponent systems).

The synthesis of the self-healing material studied in this
work was carried out starting from commercially available
poly(propylene glycol) (PPG) resins 5 and 7 (Scheme 1c), having
an average molecular weight of 6 and 2 kDa, respectively. These
were first treated with isophorone diisocyanate (IPDI)* in the
presence of dibutyltin dilaurate (DBTDL) as a catalyst, to obtain
tris- and bis-isocyanate-terminated urethanes 6 and 8, respec-
tively. The reaction was followed by FTIR spectroscopy (see
Fig. S1 and S21 in the ESI). Then, based on our previous expe-
rience, a 70 : 30 mixture of 6 and 8 was used in order to obtain a
material with good elastomeric properties. Such a mixture was
cured by the addition of diamine crosslinker 1a, typically in a
mould at 60 °C for 16 hours. The curing process could be easily
monitored by FTIR spectroscopy, where the isocyanate stretch-
ing band at 2264 cm™ ' completely disappeared and a new band
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in the form of a shoulder corresponding to the urea appeared at
1650 cm ™' (see Fig. S31 in the ESI). This afforded 9a as a
transparent elastomeric material, resembling conventional
polyurethanes commercially used as sealants or adhesives.
Elastomer 9b, where the disulfide bond was replaced by an
ethylene group, was also synthesised as a reference material,
using diamine 4 as the crosslinking agent (Scheme 1b) and
following an identical synthetic protocol.

Poly(urea-urethane) 9a showed a remarkable self-mending
ability at room temperature, without the need for applying
any catalyst or external stimulus for the healing to occur. Fig. 1
shows a photographic sequence of a typical healing process.
First, a pristine cylinder made from 9a was cut in half with a
knife. Then the two halves were put in contact and allowed to
stand at room-temperature, without applying any pressure.
After 2 hours it was already not possible to separate the two
pieces by stretching manually (see Movie S1 in the ESIf). In
another experiment, an identical cylinder was “chopped” very
slowly by the gravitational force of a copper filament attached to
a weight. By the time the filament had completely run through
the cylinder, the latter had self-welded entirely (see Movie S2 in
the ESI{).

The self-healing efficiency of 9a was quantified by tensile
strength measurements. For that aim, a 2 mm thick film of 9a
was prepared in a mould, which was then cut in the form of
dumbbell-shaped specimens, in order to perform tensile
strength measurements. Some of the specimens were mechan-
ically tested as pristine samples. The rest of them were cut in
half and then mended by simple contact at room temperature
for different periods of time. Fig. 2a shows stress vs. strain
curves obtained for pristine and self-mended samples at
different healing times. The original material exhibited a tensile
strength of 0.81 &= 0.05 MPa and an elongation at breaking point
of 3100 £ 50%. After 1 hour of contact, the mended samples
recovered 62% of their initial mechanical properties. At 2 h, the
recovery was already 80%. The mended samples after 24 h
showed a tensile strength of 0.77 & 0.05 MPa and an elongation
at a breaking point of 3015 + 50% (Fig. 1a). This means that a
healing efficiency of 97% was achieved, which can be

Fig.1 Photographic sequence of a pristine cylindrical sample of 9a (a),
which was cut in half (b and c). The two halves were then allowed to
stand for 2 hours by simple contact (d). After that time the material
could be manually stretched without rupture (e and f).
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Fig. 2 Strainvs. stress curves at different healing times obtained for (a)
self-healing elastomer 9a and (b) reference material 9b. Mending was
performed by simple contact at r.t.

considered quite a remarkable result for a thermoset elasto-
meric material.

The remarkable self-healing ability of this system could be
attributed to two structural features, which are present in this
unique crosslinking unit: (i) the aromatic disulfide which is in
constant exchange at room temperature and (ii) two urea
groups, capable of forming a quadruple H-bond (Fig. 3).

In order to study these two effects, the self-healing efficiency
of 9b was studied considering it as a reference material with no
disulfide bonds. Pristine samples of reference material 9b
exhibited a tensile strength of 0.84 &+ 0.05 MPa and an elonga-
tion at breaking point of 2156 + 50% (Fig. 2b). The mended
samples of 9b (r.t., 1, 2, 12 and 24 h) showed a maximum tensile
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Fig. 3 Proposed interactionsinvolved in the self-healing process of 9a.
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strength of 0.43 &= 0.05 MPa and an elongation at breaking point
of 1657 £ 50%. Such values were already achieved after 1 hour,
and did not improve with longer healing times. This indicates a
maximum healing efficiency of 51%, which must be attributed
to the contribution of the quadruple H-bond between the urea
groups. On the other hand, 9a recovered 62% of its initial
tensile strength at 1 h, but already achieved 80% after 2 hours.
After 24 hours, the healing was practically quantitative. These
results suggest that H-bonds would give rise to a healing effi-
ciency of around 50% in a short period of time, which is
common for both systems. Thus, the further quantitative
healing shown by 9a would be attributed to the effect of the
aromatic disulfide metathesis.

In summary, a new poly(urea-urethane) thermoset elas-
tomer with aromatic disulfide crosslinks has been designed,
which is able to undergo catalyst-free disulfide metathesis. Such
a material presents near quantitative self-healing efficiency at
room-temperature, without the need for any external interven-
tion such as heat or light. Finally, the fact that poly(urea-
urethane)s with similar chemical composition and mechanical
properties are already used in a wide range of commercial
products makes this system very attractive for a fast and easy
implementation in real industrial applications.
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