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Self-healing elastomers based on conjugated
diolefins: a review
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The formation of microcracks is a common problem in elastomeric materials. The propagation of micro-
cracks to bigger cracks results in the failure of the elastomeric material, which needs to be replaced by a
new material, thus creating a huge elastomer waste. The introduction of self-healing property into the
elastomeric material is an important way to repair microcracks and to stop the crack propagation process.
This review summarizes the progress in self-healing elastomers (polybutadiene rubber, styrene—buta-
diene rubber, polyisoprene rubber, butyl rubber, nitrile butadiene rubber, chloroprene rubber, and silicon
rubber) based on conjugated diolefins. The use of various self-healing mechanisms and their effect on
the self-healing property as well as reprocessability has been discussed. The challenges and future

rsc.li/polymers

1. Introduction

In today’s society, rubbers (elastomers) have been used in
various fields such as tires, shoes, seals, and many elastomeric
products.' The rise in the demand for rubber products drives
the increased production of rubber materials. When the
rubber material gets damaged, it needs to be replaced and
reprocessed.®® As rubber materials are permanently cross-
linked, it is difficult to reprocess and decompose thermally at
high temperatures (400-700 °C).°** The growing demand for
rubber products and the problem in their reprocessability
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research opportunities are highlighted.

cause huge rubber wastes.'” Thus, it is a big challenge for the
research community to come up with a solution to this
problem.

The solution to the above problem can be achieved in two
ways. The first solution is to make the crosslinked rubber
reprocessable and the second one is to improve the application
life by making them self-healable.">'* Making the rubber
materials self-healable is a better way to overcome the hurdle
as the damaged rubber article does not need to be replaced
and remoulded (reprocessed). In recent years, the significant
effort by the research community for the development of self-
healing rubber gives a new hope to overcome the technological
and environmental issues associated with crosslinked rubber
wastes.'> Making rubber self-healable will improve its appli-
cation life and hence reduce rubber waste. When a crack is
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Fig. 1 Classification of self-healing polymers based on the mechanism of the healing process.

generated in the self-healing rubber, it repairs the crack by
itself or by application of external stimuli.'®'” Thus, there is
no need to replace the self-healing rubber again and again.
Most rubber-based wastes are generated from tire and auto-
motive applications.’® Conjugated diolefin based elastomers
such as polybutadiene (PB, BR, butadiene rubber), styrene-
butadiene rubber (SBR), polyisoprene rubber (IR) (natural
rubber, NR), butyl rubber (IIR), nitrile butadiene rubber
(NBR), and chloroprene rubber (CR) are widely used in tire,
tube, and other automotive applications.’®*> The lifetime of
tire and other rubber articles can be improved by making
these rubbers self-healable. Most self-healing polymeric
systems are based on dynamic covalent networks or supramo-
lecular interactions.>*** The presence of a dynamic network
further helps in the reprocessing of rubber materials. Thus, it
is important to review the self-healing systems based on PB,
SBR, NR, IIR, NBR, and CR, which will help in the design of
rubber-based products with interesting self-healing and repro-
cessable properties. In this review, various self-healing
approaches used in the conjugated diolefin based elastomeric
system are discussed. The effect of different self-healing
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mechanisms on the self-healing efficiency and recyclability
have been described.

2. \Various types of self-healing
approaches

The self-healing approaches in polymers can be broadly classi-
fied into two categories, i.e., extrinsic and intrinsic approaches
(Fig. 1).>° In the extrinsic self-healing approach, the polymer
itself does not exhibit self-healing property. Thus, external
healing agents are incorporated to induce the self-healing prop-
erty in the polymer.>*® In the intrinsic self-healing system, the
polymer does not need any external healing agent. The revers-
ible interaction between the functional groups present in the
polymer is the reason behind the self-healing property.”"
The functional groups in intrinsic self-healing polymers
interact through reversible non-covalent interactions (hydrogen
bonding,***® ionic interactions,**® m-m interactions,>’*®
coordination bond,*® and host-guest interactions’®) or revers-
ible (dynamic) covalent bond formation (e.g., Diels Alder &
retro-DA reaction,*’™° Alder—ene reaction,’®”" reversible electro-
philic substitution,> reversible cyclodimerization,”** disulfide
metathesis reaction,’®® and boronate ester bearing B-N dative
bond>’). Depending on the nature of the healing agent or the
functional moieties present in it, the extrinsic and intrinsic
approaches may be autonomous or non-autonomous
(Fig. 2).°°°> Autonomous self-healing means it does not need
an external stimuli, while the non-autonomous self-healing
system needs external stimuli to show the self-healing property.

3. Self-healing polybutadiene (PB)

The presence of the main chain and pendant double bonds in
PB makes it a suitable rubber for further modification.
Different functional groups are incorporated into the PB

Polym. Chem., 2021,12,1598-1621 | 1599
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Fig. 2 Classification of self-healing polymers based on the stimuli required for the healing process.

rubber via reaction with the pendant as well as the main chain
double bond.®*"®® The grafting of suitable functional groups
onto PB may help in showing its self-healing property.

3.1. Self-healing PB via Diels-Alder (DA) and retro Diels—
Alder (DA) reactions

DA and rDA reactions are the most versatile mechanisms to
develop self-healing polymers (Fig. 3). A diene and a dieno-
phile are needed to prepare the self-healing PB via DA and rDA
approach. Dienes or dienophiles are grafted onto the PB chain
and then the crosslinking reaction is performed via the DA
reaction. The covalent crosslinks formed via the DA reaction
break at high temperature (110-160 °C) and the formation of
DA adducts takes place when the temperature is reduced to
55-75 °C. When cracks appear, the rubber is heated above the
rDA reaction temperature, which leads to the breaking of DA
adducts. The further reduction of the temperature to 55-75 °C
results in the formation of DA adducts and heals the cracks.
Polybutadienes can be easily functionalized via the thiol-
ene reaction using furfuryl thiol. In comparison to the cis/trans
units, the vinyl groups are more reactive toward the thiol-ene
reaction.®” Trovatti et al.®® reported the preparation of a cross-
linked PB rubber using the DA reaction and claimed that this
strategy can be utilized to develop a recyclable tire. First, the
furan-functionalized PB is prepared via the thiol-ene reaction
and then crosslinked via the DA reaction using bismaleimide
as a dienophile. On heating above 110 °C, the crosslinked PB
undergoes decrosslinking via the rDA reaction. Bai et al.®
studied the recyclability and self-healing property of PB rubber
prepared by the DA reaction between furan-functionalized PB
and bismaleimide (Fig. 4). The crosslinked elastomer exhibits
good recyclability and can be thermally remoulded to produce
a new sample without a significant impact on the mechanical

(o] DA o
55-75 °C
=< DA
o (o]

110-160 °C

Fig. 3 Schematic representation of Diels—Alder (DA) and retro Diels—
Alder (rDA) reaction in furan and maleimide systems.
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properties. The crack in the crosslinked rubber starts to
decrease at 90 °C and completely disappears when the temp-
erature reaches above 150 °C. This indicates that the cross-
linked PB rubber shows self-healing behavior at high
temperature.

Besides the thiol-ene reaction, other alternative methods
have also been reported to incorporate DA moieties into PB
rubber. Berto et al.”® reported a three-step method to prepare a
tetrafuran telechelic cis-1,4-PB rubber (Fig. 5). They first pre-
pared the epoxidized PB rubber via the epoxidation of PB
using m-CPBA (meta-chloroperoxybenzoic acid), which on treat-
ment with periodic acid gave the aldehyde telechelic PB
rubber with different chain lengths (low molecular weight).
The aldehyde telechelic PB is then functionalized with dietha-
nolamine (DEA) to prepare tetrahydroxyl telechelic PB, which
on further reaction with furfuryl isocyanate, give a tetrafuran-
functionalized telechelic PB. The reaction of the liquid-like
furan-functionalized PB with bismaleimide via DA chemistry
results in the formation of elastomeric networks. The tensile
strength of the DA crosslinked product is highly dependent on
the molecular weight of the furan telechelic PB. Low molecular
weight oligomers exhibit higher tensile strength and lower
elongation at break, which is due to the increased crosslink
density. Interestingly, these materials can be recycled over five
times without a loss in their mechanical properties.

3.2. Self-healing PB via disulfide metathesis reaction

Similar to DA and rDA click reactions, the disulfide metathesis
reaction is also based on a dynamic covalent bond, as shown
in Fig. 6. The disulfide moieties present in rubber can
undergo disulfide metathesis reaction at room temperature or
under external stimuli (temperature or UV light). The exchange
of polymer segments via the disulfide metathesis reaction
results in the self-healing property.

Xiang et al.”' reported the preparation of a self-healable
and reprocessable PB rubber by thiol-ene photo-click polymer-
ization between the double bonds in PB and thiols in polysul-
fide (Fig. 7). Under UV irradiation, the rearrangement of the
crosslinked network takes place via the disulfide metathesis
reaction, which induces the self-healing property in the
rubber. The healing efficiency increases with an increase in
the content of disulfide bonds. The increase in the intensity of

This journal is © The Royal Society of Chemistry 2021
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at room temperature, (d) the photograph of the film after healing at 150

(a) Schematic representation for the preparation of the recyclable PB rubber, (b) recyclability study, (c) the photograph of the scratched film

°C, (e) stress—strain curves of the pristine and the recycled samples, and (f)

the sol-gel process in dichlorobenzene at different temperatures.®® Reproduced from ref. 69 with permission from American Chemical Society,

copyright 2015.
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Fig. 5 Schematic representation of the preparation of furan telechelic
from American Chemical Society, copyright 2018.

the UV light and the time of irradiation also improves the
healing efficiency. The conventional sulfur-crosslinked PB
rubber can also be made self-healable and recyclable by trig-

This journal is © The Royal Society of Chemistry 2021

PB rubber and its DA adduct.”® Reproduced from ref. 70 with permission

gering the disulfide rearrangement reaction with a suitable
catalyst. Xiang et al.”? reported the use of CuCl, to catalyze the
disulfide metathesis reaction in sulfur-crosslinked PB rubber.
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Fig. 6 Schematic representation of the disulfide metathesis reaction.

H

The catalyst is incorporated in the rubber during compound-
ing, which accelerates the disulfide exchange reaction. The
sulfur-crosslinked PB with 0.1 phr of CuCl, shows a healing
efficiency of 75% when healed at 110 °C for 12 h, whereas the
sulfur-crosslinked PB without CuCl, exhibits a healing
efficiency of only 12%. This indicates that CuCl, catalyzes di-
sulfide metathesis through a circulated crossover reaction
between the disulfide and polysulfide bonds. Interestingly, the
incorporation of CuCl, also helps in the reprocessing of sulfur-
crosslinked rubber.
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3.3. Self-healing PB via hydrogen bonding, ionic interaction,
and crystallization

Self-healing PB rubber can be prepared by the introduction of
functional groups that undergo reversible ionic association,
hydrogen bonding, or crystallization. Wang et al.”? studied the
effect of the combination of covalent and non-covalent cross-
links on the self-healing, shape-memory, and mechanical pro-
perties of PB rubber. They prepared the self-healing PB elasto-
mer via the self-assembly of PB oligomers having carboxylic
acid and amine groups, followed by covalent crosslinking via
the thiol-ene reaction (using a tri-functional thiol compound)
(Fig. 8). The interaction between the carboxylic acid and the
amine groups results in the formation of dynamic ionic-hydro-
gen bonds and induced the self-healing property in the elasto-
mer. At low covalent crosslinking density, these PB show self-
healing properties at room temperature. The increase in the
covalent crosslink density improves the shape-memory and
mechanical properties but reduces the self-healing efficiency.
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Fig. 7 (a) Chemical structures of the main components of UV-curable PB rubber, (b) photocrosslinking process in the UV-curable rubber, (c) repro-
cessing of the cured rubber, and (d) photographs illustrating the healing processes of the UV-cured rubbers.”* Reproduced from ref. 71 with per-

mission from Elsevier, copyright 2019.
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Without a crosslinker, the healing efficiency is about 93% and
decreased to 77% and 33% with the increase in the crosslinker
concentration to 2% and 6%, respectively. The presence of
irreversible covalent crosslinks reduces the chain mobility,
which in turn reduces the healing rate and healing efficiency.

Jasra et al.”* introduced the concept of hydrogen bonding
in the preparation of a thermoreversible and self-healing PB
rubber blend. They prepared the self-healing PB via blending
PB rubber with maleic anhydride-grafted polypropylene, fol-
lowed by the ring-opening of the maleic anhydride group
using triazole derivatives such as 3-amino-1,2,4-triazole and
4-amino-1,2,4-triazole. The carbonyl groups involved in the for-
mation of thermo-reversible hydrogen bonding with amine
and carboxylic acid protons which help the blend to show self-
healing properties in the temperature range of 40-85 °C.

The grafting of crystallizable hydrocarbons onto PB can
impart self-healing property. The crystallizable hydrocarbon
side chains in PB will undergo association to form crystalline
domains. These crystalline domains will melt on heating and
again recrystallize on reducing the temperature. The melting
and reformation of crystallites will act as a reversible network
and induce self-healing property in the elastomer. Xu et al.”
reported the preparation of thermoresponsive self-healing PB
coatings by the grafting of 1H,1H,2H,2H-perfluorodecanethiol
(PFDT) onto vinyl pendant groups of 1,2-PB via thiol-ene reac-
tion. PB-g-PFDT exhibits a glass transition at 44 °C and a
melting transition at 68 °C. When the scratched coating
surface of PB-g-PFDT is healed at 50 °C for 50 min, no signifi-
cant change in the scratch is observed. Although the chain
mobility of PB-g-PFDT is improved above the Ty, the crystallites
of PFDT still restrict the migration of the polymer chains to
the scratched area. Interestingly, the scratch on this coating
completely disappeared when healing was performed at 80 °C
for 5 min, followed by cooling down to room temperature. At
80 °C, the melting of the PFDT crystallites occurs and further
reduction in temperature results in the reformation of the crys-
tallites, which leads to the complete healing of the scratch.
This PB-g-PFDT coating also exhibits anti-smudge property
and various liquids (with a wide range of surface tensions)
readily slide off the coating surfaces without leaving any
residue. In addition to other flat surfaces, PB-g-PFDT can also
be used on cotton fabrics to prepare superamphiphobic
fabrics that are capable of repetitively healing the damage.

Self-healing properties are of utmost importance in PB
rubber as these are mostly used in the sidewall of a tire. In the
event of any cut/puncture in the sidewall, the tire is discarded.
The inbuilt self-healing properties of PBR is one of the most
desired properties in the automotive segment. In this section,
self-healing PB has been discussed using various mechanisms
such as the DA/rDA reaction, disulfide metathesis reaction,
hydrogen bonding, ionic interaction, and side-chain crystalli-
zation. Semicrystalline polycaprolactone oligomers can also be
grafted onto PB rubber and their impact on the self-healing
property could be evaluated. From the multiple literature
studies of various methodologies, it is concluded that the
functionalization of PB rubber is more suitable from the

This journal is © The Royal Society of Chemistry 2021
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process prospective, which imparts self-healing characteristics
under specific conditions.

4. Self-healing styrene—butadiene
rubber (SBR)

SBR is a synthetic rubber comprising styrene (10-25%) and
butadiene (75-90%) monomers. The butadiene unit in SBR is
approximately composed of 60 to 70% trans-1,4; 15 to 20% cis-
1,4; and 15 to 20% 1,2 configurations at 50 °C. High styrene
and high vinyl grades are also available for special appli-
cations.”® Carboxylated SBR (XSBR) is a modified grade of SBR,
which contained pendant ~-COOH groups.”” The ~-COOH groups
in XSBR can be easily utilized to design self-healing rubber.”®

The introduction of non-covalent supramolecular networks
is an important way to design self-healable and recyclable
rubber materials. In most cases, the non-covalent supramole-
cular networks do not impart good mechanical properties and
make them inferior for certain applications. To overcome this
difficulty, Xu et al.”® prepared a self-healing carboxylated SBR
via the reaction between carboxyl groups of carboxylated SBR
(XSBR) and zinc oxide (ZnO), where Zn>" acts as a crosslinker
between the XSBR molecules (Fig. 9). Secondary ionic net-
works are also formed via further self-aggregation of the ion
pairs of Zn>* salts, whose rearrangements results in good re-
cycling ability. Interestingly, pristine XSBR with 5 wt% zinc
oxide exhibits a tensile strength of 6.7 MPa (increased to 10.3
MPa after 3 recycles), which is far higher than that of the most
reported non-covalent supramolecular rubbers.

The functional groups on nanoparticles also interact with
the -COOH group of XSBR and result in the self-healing prop-
erty. Xu et al.® prepared self-healing carboxylated styrene-buta-
diene rubber (XSBR)/nano-chitosan (NCS) composites via the
salt-forming reaction, in which NCS is responsible for construct-
ing the supramolecular hybrid network (Fig. 10). The -NH,
group of NCS interacts with the ~-COOH group of XSBR, which
results in the formation of carboxylate ammonium salt
([COO][NH;']). The carboxylate ammonium groups further
aggregate to form week ionic clusters, which are responsible for
the self-healing property. In XSBR/NCS composites, NCS acts as
a multifunctional crosslinker and improves the mechanical pro-
perties without sacrificing the self-healing property. With
20 wt% NCS loading, the tensile strength of the XSBR/NCS com-
posite increases twice that of pristine XSBR and the healing
efficiency is found to be 92% after healing at room temperature
for 24 h. The NCS loading strongly affects the healing efficiency
of the XSBR/NCS composites. The self-healing efficiency con-
tinuously increases up to 20 wt% of NCS loading, which is due
to the increase in the ionic bond crosslinks in the supramolecu-
lar hybrid network. A further increase in the NCS loading (30%
and 40%) significantly reduces the healing efficiency. The
decrease in the healing efficiency at higher filler loading is due
to the formation of the filler-filler network, which hinders the
mobility and the interfacial interpenetration of the XSBR mole-
cular chains, and reconstitution of ionic bond crosslinks.

Polym. Chem., 2021, 12,1598-1621 | 1603
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multiplet, ion cluster, and ionic crosslinked network.”® Reproduced from ref. 79 with permission from American Chemical Society, copyright 2016.

XSBR

Nes
= OH  HO. NH oH
COOH HO"HN oz«o HOHN
P

=
2
C=0
1
0-

'
HO_  +NHy OH

OH
HO” N )

HO™ HN il

Oy

€ -COOH

1
+

¢ -NH: ¢ -OH

ionic multiplets

i

:& salt-forming reaction
. 3
v &

G’N

A
:(‘):

\s
N\ f

Salt-bond crosslinkings

virginal

)
#,

upramolecular network
J

AN - o
N
(I: =0
[} OONH.
W Temll boms;q-
i

OH

O

(®) \C‘jj
D~

Fig. 10 Schematic representation of salt-forming reaction between XSBR and NCS, the evolution of the supramolecular hybrid network in the
XSBR/NCS composites, and self-healing by the reestablishment of ionic bond crosslinking in the supramolecular XSBR network.2® Reproduced from
ref. 80 with permission from Elsevier, copyright 2019.

Besides chitosan, multiwall carbon nanotube (MWCNT)
also have a great impact on the self-healing and mechanical

self-healing SBR/CNT nanocomposites via the DA and rDA
approaches. In this case, the furfuryl-grafted SBR (SBR-FS) and

properties of SBR. Kuang et al.®' reported the preparation of furfuryl-terminated MWCNT (MWCNT-FA) react with bismalei-
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mide (BM) to form covalently bonded and reversibly cross-
linked rubber composites (Fig. 11). The Young’s modulus of
the SBR-FS/BM/MWCNT-FA increases by 200-300% with just
5 wt% loading of MWCNT-FA. The tremendous increase in the
modulus is because of the increase in the crosslink density as
well as the reinforcing effect of the MWCNT-FA. The increase
in MWCNT-FA further improves the healing efficiency. Thus,
MWCNT-FA plays a dual role in improving the healing
efficiency and mechanical properties via the formation of DA
adducts with BM as well by acting as the reinforcing filler. The
effect of the MWCNT-FA content on the healing efficiency is
highly dependent on the furan/maleimide ratio. The incorpor-
ation of 5 wt% MWCNT-FA in SBR-FS/BM (with furan/male-
imide ratio of 3:1) improves the healing efficiency from 37%
to 90% when heated at 100 °C for 5 h. In SBR-FS/BM, where
the furan/maleimide ratio is 1:1, the healing efficiency
decreases with the addition of 5 wt% MWCNT-FA. The
decrease in the healing efficiency is due to the increased cross-
link density, which reduces the mobility of the polymer
chains. The healing efficiency of the MWCNT-FA based compo-
site is much higher than that of the MWCNT-COOH (-COOH
functionalized MWCNT) because the -COOH functional
groups in MWCNT-COOH do not take part in the DA and rDA
reaction. The crosslinked SBR-FS/MWCNT-FA/BM nano-
composites are reprocessable similar to thermoplastic elasto-
mers on heating to about 130-150 °C.

A few works have been reported in the area of self-healing
SBR, which is having the single largest synthetic rubber appli-
cation in the rubber industry. High styrene content SBR or
hydrogenated SBR with self-healing property will further
widen the application areas of SBR.

5. Self-healing polyisoprene rubber (IR)
(Natural rubber-NR and synthetic IR)

Natural polyisoprene rubber (NR) and synthetic polyisoprene
rubber (IR) are composed of cis-1,4-polyisoprene.®” The cis-1,4
isoprene content in NR is higher than that of IR.%*%

This journal is © The Royal Society of Chemistry 2021

5.1. Self-healing IR via the DA and rDA reaction

Natural polyisoprene rubber (NR) is one of nature’s most
exceptional materials, which is predominantly used in the tire
industry. NR can be made self-healable by grafting a suitable
functional moiety on its backbone. Tanasi et al.®® prepared a
furan-functionalized NR (NR-g-furan) by grafting furfuryl
amine molecules onto the maleic anhydride-functionalized NR
(NR-g-MA) (Fig. 12). The DA reaction between the furan groups
of furan-functionalized NR and the maleimide groups of bis-
maleimide gives a crosslinked NR (NR-DA). The crosslinked
NR is thermoreversible and shows self-healing property when
heated to the rDA and DA temperature. These samples show a
healing efficiency of 38-85% after healing at 130 °C for 4 h, fol-
lowed by another 3-7 h at 40 °C.

5.2. Self-healing IR via ionic network

Introducing ionic interactions is one of the important ways to
design self-healing isoprene rubbers. Miwa et al.®® reported
the preparation of self-healing IR by introducing carboxyl
groups to 1.7% of the repeating units, followed by neutraliz-
ation of 24-90% of the carboxyl groups with sodium hydroxide
(Fig. 13a). The association of the ionic group forms a network
structure where the ionic moieties undergo continuous
hopping between the ionic aggregates at room temperature.
This ionic hopping makes the network dynamic and results in
self-healing property at room temperature (28 °C). The rate of
ionic-hoping of the ionomers increases with decreasing neu-
tralization level, which in turn improves the healing rate.
Carboxylated cis-IR with 55% neutralization shows ~80%
recovery after 6 h at room temperature, whereas more than
40 h is required for carboxylated IR with 90% neutralization.
At the same neutralization levels, the self-healing rate
decreases with the increase in the molecular weight, which is
due to the reduction in the diffusion and randomization of the
polymer chains between the damaged faces.®” Interestingly,
the introduction of ionic moieties to ¢rans-IR (via 90% neutral-
ization of carboxyl groups) does not result in the self-healing
property at room temperature. The blending of ionically-modi-
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Fig. 12 Schematic representation of the preparation of furan-functional

ized NR and the crosslinking of furan-functionalized NR via the DA reaction

using bismaleimide.®® Reproduced from ref. 85 with permission from Elsevier, copyright 2019.
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Fig. 13 (a) Schematic illustration of the preparation of sodium carboxylate-functionalized IR and ionic association in it.%¢ (b) Schematic representa-
tion of the preparation of self-healing NR ionomer from brominated NR.2° Reproduced from ref. 86 with permission from Springer Nature, copyright
2019. Reproduced from ref. 89 with permission from Elsevier, copyright 2020.

fied trans-IR with ionically-modified cis-IR improves the
modulus with a reduction in the self-healing efficiency.®® Yang
et al.®® reported a facile method for the preparation of the self-
healing NR ionomer by reacting brominated NR with histidine
(Fig. 13b). The strong ionic interaction between the ionic moi-
eties results in a physically crosslinked elastomer with faster
healing time (~10 s) and a significant self-healing efficiency
(93.98%).

The strength of the rubbers based on an ionic cross-linking
network is quite limited and their long-term dimensional
stability is questionable. Thus, it is important to incorporate
both ionic and covalent crosslinks to develop self-healing
rubber with good mechanical properties. Xu et al.°® reported
the preparation of a potential self-healing material via con-
trolled peroxide-induced vulcanization to generate massive

1606 | Polym. Chem., 2021,12,1598-1621

ionic crosslinks via the polymerization of zinc dimethacrylate
(zDMA) in NR. They controlled the vulcanization process to
generate reversible supramolecular networks via ionic cross-
links by retarding the formation of covalent crosslinks. The
ionic crosslinks can be easily rearranged between themselves
and result in the self-healing property. A fully cut and mended
sample nearly gains its original strength when healed at the
ambient temperature. In comparison to ZDMA, the use of
excess zinc oxide (ZnO) and methacrylic acid (MAA) in NR,
where the in situ formation of ZDMA takes place during the
peroxide curing process, results in better mechanical pro-
perties.”" The improved mechanical properties are due to the
presence of residual nano ZnO, which acts as a reinforcing
filler and helps in the formation of the new ionic supra-
molecular hybrid network in the NR/MAA/ZnO compounds.

This journal is © The Royal Society of Chemistry 2021
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Interestingly, the self-healing efficiency of the NR/MAA/ZnO
compounds decreases with an increase in the healing tempera-
ture from 23 °C to 80 °C. Although a higher temperature accel-
erates the mobility of the NR chains across the damaged
surface, the seriously deteriorated ionic associations are
unable to construct powerful new ionic crosslinks during
healing. The ratio of ZnO/MAA in the NR/MAA/ZnO compound
also has a strong impact on the mechanical properties and the
rate of healing. An increase in the ZnO/MAA ratio improves the
mechanical properties and healing efficiency but reduces the
rate of healing. To improve the self-healing and mechanical
properties, Liu et al.®” incorporated a dual ionic network into
NR (Fig. 14). The reaction of lithiated NR with maleic an-
hydride (MA) generates lithium carboxylate (-COOLi)-based
ionic network (NR-MA), which on further reaction with zinc
methacrylate (ZDMA) and peroxide results in a second ionic
network (NR-MA-ZDMA). As compared to the ZDMA-cross-
linked NR, the combination of lithium -carboxylate-based
network and ZDMA network provides better mechanical and
self-healing properties.

Rahman et al.®® reported that at high temperatures, epoxi-
dized natural rubber (ENR) shows the self-repairing property
due to the interdiffusion of rubber chains and the strong inter-
action between epoxy groups. Thus, the incorporation of
ZDMA into ENR, followed by crosslinking with peroxide, can
further improve the self-healing and mechanical properties of
ENR. Liu et al® reported the preparation of self-healing
rubber via controlled peroxide vulcanization of ZDMA (30 phr)
filled ENR (ENR/ZDMA). Controlled peroxide vulcanization is
performed at a somewhat lower temperature (140 °C) than con-
ventional curing (150 °C), which suppresses the covalent cross-
linking of ENR and facilitates the self-polymerization and

This journal is © The Royal Society of Chemistry 2021

grafting of ZDMA molecules on to ENR. The self-polymerized
and grafted ZDMA form a reversible ionic cluster and induce
the self-healing property. The percentage of epoxidation in
ENR also affects the self-healing property of the ENR/ZDMA
compounds. ENR25/ZDMA (ENR with 25% epoxidation) shows
self-healing properties at a lower temperature than that of
ENR40/ZDMA (40% epoxidation). After healing at 80 °C for
1 h, the tensile strength of the ENR40/ZDMA composites is
recovered to more than 80% of the standard sample, whereas
the tensile strength of the ENR25/ZDMA samples is restored to
about 70% after healing at room temperature for 50 min. The
self-healing property of ENR can also be tuned by blending
with a suitable ionomer. Rahman et al®® studied the self-
healing property of the ENR/ionomer blend, where the
ionomer is a partially neutralized product of poly(ethylene-co-
methacrylic acid) (EM, 15% acid content) with sodium (EMNa)
or zinc (EMZn). The ENR/EMNa blend shows complete self-
healing, whereas partial self-repairing is observed for the ENR/
EMZn blend.

5.3. Self-healing IR based on reversible coordination bond
and hydrogen bonding

Self-healing natural rubber can be prepared via the introduc-
tion of reversible coordinate bonds. ENR and modified ENR
with a suitable functional group can form a reversible coordi-
nate bond with different metal atoms. Han et al.’® developed a
facile and effective approach to fabricate self-healing NR via
metal-ligand coordinate bond formation. They modified the
commercially available ENR by polydopamine (PDA) and then
cross-linked it via reversible catechol-Fe** coordination bonds
(Fig. 15a). The resulting Fe’"/PDA-ENR elastomer exhibits good
tensile strength (2 MPa) with a self-healing efficiency of 89.3 +
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3.6% after healing at 50 °C for 12 h. Interestingly, even at low
temperature (=10 °C), the Fe’"/PDA@ENR elastomer shows a
healing efficiency of ~80% after 12 h of healing. Liu et al.®’
reported the preparation of a self-healing blend based on
ZnCl,-decorated ENR (ENR-Zn) and histidine (His)-modified
cellulose nanocrystal (His-CNC) (Fig. 15b). Histidine and Zn**

1608 | Polym. Chem., 2021, 12,1598-1621

form supramolecular metal-ligand coordination, which results
in excellent self-healing property with an efficiency of
107.17%, 95.43%, and 88.65% for the first, second, and third
cycle, respectively. The ENR-Zn/His-CNC blend exhibits a
tensile strength of 1 MPa, which is far lower than that of the
Fe’*/PDA-ENR. Tang et al.°® incorporated Fe**-intercalated gra-
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phene nanosheet (Fe’*-GN) into the gelatin-ENR (GA-ENR)-
based emulsion to obtain a self-healing elastomer via revers-
ible coordination between Fe®" and gelatin (GA) (Fig. 15¢). The
Fe**-GN/GA-ENR composite exhibit low tensile strength
(1.6 MPa) with a healing efficiency of 94%. It is always challen-
ging to achieve higher self-healing efficiency along with good
mechanical properties via a reversible coordination
mechanism.

The mechanical and self-healing properties of IR and ENR
can be improved by introducing a dual dynamic network.”® Liu
et al.'® reported a self-healing polyisoprene via the dual-
dynamic network by introducing weaker multiple hydrogen
bonds and stronger Zn-triazole coordinate bond into the
unvulcanized cis-1,4-polyisoprene matrix (Fig. 16a). The dual
dynamic system results in excellent recovery in the mechanical
properties of about 74% (tensile strength before and after
healing are 21 MPa and 15.5 MPa, respectively) when it is
healed at 80 °C for 24 h. Chen et al'®" introduced coordi-
nation as well as boronic ester bonds into ENR to develop a
dual dynamic self-healing elastomer. They prepared the
dynamic dual crosslinked elastomer by crosslinking ENR
using a dithiol-bearing boronic ester crosslinker, followed by
the coordination of the epoxy group with Zn>* (Fig. 16b). The
network rearrangement through boronic ester transesterifica-
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tions and reversible Zn**-O coordination provide excellent
healing efficiency (60-100%) and good mechanical properties
(1.60 to 14.63 MPa).

5.4. Self-healing IR and epoxy-functionalized IR based on
dynamic disulfide metathesis

Polydiene rubbers including NR (IR) are mostly cured using
the sulfur vulcanization process. The sulfur vulcanization
process creates sulfur crosslinks of different lengths (mono-,
di-, and poly-sulfide bonds), pendant side groups, and cyclic
sulfides. Depending on the accelerator/sulfur (a/s) ratio, the
sulfur vulcanizations are generally classified as conventional
(CV, a/s = 0.1-0.6), semi-efficient (semi-EV, a/s = 0.7-2.5), and
efficient (EV, a/s = 2.5-12)."°>7'%* The CV system, where the a/s
ratio is low, forms more disulfide and polysulfide linkages,
whereas the EV system results in more monosulfide linkages.
The disulfide and polysulfide bonds can undergo disulfide
exchange reactions and induce the self-healing property in the
elastomer. Hernandez et al.'® prepared self-healing NR using
the conventional sulfur curing system with a low a/s ratio (0.2).
At a constant a/s ratio (0.2), the increase in the sulfur content
(from 0.7 phr to 2.5 phr) reduces the healing efficiency, which
is due to the increased crosslink density of the system. The
increased crosslink density reduces the chain mobility, which
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Fig. 16 (a) Schematic representation of the preparation of self-healing IR via a dual dynamic network based on reversible hydrogen and coordinate

bond.?%° (b) Self-healing ENR networks with dual dynamic crosslinks of boronic ester bonds and non-covalent Zn>*-O coordinate bonds.

101

Reproduced from ref. 100 with permission from Royal Society of Chemistry, copyright 2019. Reproduced from ref. 101 with permission from
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retards the disulfide exchange reaction and hence the healing
efficiency. Further, an increase in the exposure time of the cut
surfaces to the open atmosphere results in a decrease in the
healing efficiency of the mended samples.

Epoxidized polyisoprene (epoxidized natural rubber, ENR)
contains two reactive functional moieties (epoxy group and
unsaturated double bond) and can be easily modified with
various crosslinkers and organic molecules to develop self-
healing ENR. Imbernon et al.'% introduced disulfide function-
ality into the ENR using dithiodibutyric acid (DTDB) as a cross-
linker (Fig. 17a). DTDB-cured ENR exhibits strong elastomeric
properties and behaves like a standard natural rubber until
100 °C. The disulfide exchange reaction makes DTDB-cured
ENR reprocessable when heated above 150 °C. After adhering
two specimens for 30 min at 180 °C, ENR with disulfide bond
(DTDB-cured ENR) shows superior lap-shear strength (20 N)
than that without the disulfide bond (5 N). The incorporation
of both disulfide functionality and hydrogen bonding
into ENR can further improve the self-healing property.
Cheng et al'®” prepared a dual cross-linked self-healing
ENR based on dynamic disulfide metathesis and thermorever-
sible hydrogen bonding (Fig. 17b). Two aromatic disulfides
(Dithiodibenzoic acid, DTSA, and 4,4’-dithiodianiline, DTDA)
along with sulfur (S) are used to improve the self-healing prop-
erty. The increase in the sulfur content in the DSTA/DDTA/S
curing system reduces the healing efficiency as it results in the
formation of more permanent crosslinks, which reduce the
mobility of the polymer chains. The presence of carbonyl,
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epoxy, and hydroxyl groups in the dual crosslinked system
results in the formation of thermoreversible hydrogen bonds,
which further helps in the improvement of mechanical and
self-healing properties. The dual cross-linked ENR exhibits
good self-healing efficiency (up to 98%) when healed at 120 °C
for 24 h.

5.5. Self-healing nanocomposites of epoxy-functionalized IR

The introduction of suitable nanofillers into the ENR can also
induce the self-healing property in the nanocomposites. Nie
et al.’®® and Chen et al.’® studied the self-healing property of
ENR/chitin nanocrystals (ENR/CNCs) composites where the
supramolecular networks are formed through hydrogen
bonding between the CNCs and the epoxy groups of ENR. The
supramolecular network improves the mechanical properties
and induces the self-healing property in the composite. With
20 wt% CNCs loading, the tensile strength of the ENR/CNCs
composites increases twice that of the original strength of neat
ENR. The ENR/CNCs composite with 20 wt% filler loading
shows good self-healing efficiency (83%). The healing behavior
is strongly affected by the CNCs contents, healing temperature,
and healing time. Nie et al."'° further studied the effect of the
combination of various fillers on the self-healing and mechan-
ical properties of the ENR composites. They dispersed the
chitin nanocrystals (CNCs), carboxymethyl chitosan (CMCS),
and carboxyl functional multi-walled carbon nanotube (CNT)
into ENR in the latex state. The formation of multiple hydro-
gen bonds between the functional groups of the fillers and
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Fig. 17 (a) Schematic representation of the preparation of self-healing ENR having aliphatic disulfide functionality.°® (b) Self-healing ENR having
aromatic disulfide functionality and hydrogen bonding.!®” Reproduced from ref. 106 with permission from Royal Society of Chemistry, copyright
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ENR result in a healing efficiency of 91%. Interestingly, the
tensile strength, as well as the elongation at break of the ENR/
CNCs/CMCS/CNT composite, is much higher than that of the
pristine ENR.

Cao et al'' prepared the self-healing nanocomposites
based on the ENR/cellulose nanocrystals via the dispersion of
cellulose nanocrystals in ENR in the latex state. The formation
of supramolecular networks via dynamic hydrogen bond
between the epoxy oxygen of ENR and hydroxyl groups on the
cellulose nanocrystals induces the self-healing property in the
composite. Supramolecular hydrogen bonding also improves
the mechanical property of the composite. The self-healing
property is strongly affected by the cellulose nanocrystals’
content and healing time. Cao et al.''? further reported the
preparation of recyclable and self-healable elastomers compo-
sites based on ENR and TOCNs (TEMPO-oxidized cellulose
nanocrystals) having a large number of surface carboxyl
groups (Fig. 18). The formation of interfacial ester bonds by
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the reaction between the carboxyl groups of TOCNs and the
epoxy groups of ENR results in a covalently crosslinked
network structure, which improves the mechanical property of
the composite. Interestingly, the network with exchangeable
B-hydroxyl ester bonds at the ENR-TOCN interface can change
the network topology via the transesterification reactions. This
transesterification reaction plays an important role in the re-
cycling and self-healing process and results in a healing
efficiency of ~80%.

Other fillers such as silica and graphene oxide (having -OH
functionality) can induce the self-healing property via the for-
mation of hydrogen bonding with NR and ENR. Sattar et al.'*?
reported the preparation of self-healing NR-silica (NR/SiO,)
composites via Mg*"-assisted heteroaggregation of NR (bearing
proteins and phospholipids) and silica to produce a reversible
supramolecular network mainly constructed by ion-dipole,
electrostatic, and hydrogen bonding (Fig. 19a). The Mg”* ions
interact with the negatively charged colloids of NR and SiO,
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Fig. 18 Schematic representation of the preparation of TOCNs cross-linked ENR via the epoxy-acid reaction'? Reproduced from ref. 112 with per-

mission from Royal Society of Chemistry, copyright 2019.
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Fig. 19 (a) Schematic representation of the electrostatic interaction and hydrogen bonding in the NR/SiO, composites.™** (b and c) Hydrogen
bonding in the ENR/TRGO and serine-modified ENR/Mxene composites.”****> Reproduced from ref. 113 with permission from American Chemical
Society, copyright 2019. Reproduced from ref. 114 with permission from American Chemical Society, copyright 2020. Reproduced from ref. 115 with

permission from American Chemical Society, copyright 2020.
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particles and drive the mutual assembly via reversible electro-
static interaction and hydrogen bonding. The hydrogen bond
is formed between the silanol groups on the silica surface and
the lipid groups of NR. The combination of hydrogen bonding
and ionic interaction in the NR-silica composites result in the
self-healing property. Interestingly, the NR/SiO, composites
prepared via the wet compounding method (mixing in latex
state) possess higher healing efficiency (79%) than that pre-
pared via the dry mixing process (51.6%). Utrera-Barrios
et al.'** prepared self-healing composites based on ENR and
thermally-reduced graphene oxide (TRGO) having surface func-
tional groups (hydroxyl, carboxyl, and epoxy) (Fig. 19b). During
vulcanization, the hydroxyl and carboxyl group of TRGO reacts
with the epoxy group of ENR, which generates covalent linkage
(C-0-C) between the TRGO and ENR, which provides good
mechanical properties. The ring-opening of the epoxide also
generates the ~-OH functionality in ENR. The -OH and epoxy
functionality of ENR are involved in the formation of reversible
hydrogen bonding with the functional group of TRGO, which
induces the self-healing property in the ENR/TRGO composite.
Guo et al.'™ developed a self-healing composite by incorporat-
ing serine-modified Tiz;C,MXenes (s-MXenes) into serine-
modified ENR (s-ENR) (Fig. 19¢). The supramolecular hydro-
gen bonding interfaces between the s-MXenes and s-ENR
results in excellent self-healing property with a healing
efficiency of 99.3% after healing at room temperature for
90 min.

Various mechanisms such as DA-rDA reaction, ionic inter-
action, reversible coordination, hydrogen bonding, disulfide
metathesis, and transesterification have been utilized to
prepare self-healing IR. Self-healing IR based on transesterifi-
cation needs very high temperature (160 °C) to show the self-
healing property, whereas the DA-rDA-based system exhibits
self-healing property at 130 °C. The DA-rDA-based IR further
needs to be maintained at 40 °C for a longer time to achieve
suitable mechanical property through the formation of DA
adducts. Thus, compared to the transesterification reaction,
the DA-rDA-based system needs more time to show better
healing efficiency. IR based on ionic interaction, reversible
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coordination, hydrogen bonding, and disulfide metathesis
exhibits self-healing property in between 25 °C to 120 °C.
Different functional fillers like chitin nanocrystals (CNC), car-
boxymethyl chitosan (CMCS), carboxyl functional multi-walled
carbon nanotube (CNT), cellulose nanocrystals, silica, ther-
mally-reduced graphene oxide (TRGO), and serine-modified
Ti;C,MXenes have been explored to develop self-healing ENR
composites via H-bonding. Serine-modified ENR/Ti;C,MXene
composite shows superior self-healing property over the ENR/
CNC, ENR/CMCS, ENR/CNT, and ENR/TRGO composites.

6. Self-healing isoprene isobutyl
rubber (butyl rubber, IIR)

Butyl rubber is a random copolymer of isobutylene and iso-
prene, which contains 1-3% of isoprene units."'® The presence
of the double bond and the methyl group in the isoprene unit
make the IIR suitable for various modification and cross-
linking processes. Bromobutyl rubber (BIIR) is an important
grade of IIR, which is prepared via the bromination of
IIR.""”"*® The allylic bromide unit in BIIR can be easily modi-
fied with amine, phosphine, and imidazole derivatives to form
ionomers.'* 1>

6.1. Self-healing IIR via ionic interaction and hydrogen
bonding

The introduction of ionic moieties is an important way to
convert commercial IIR to a self-healing material."*® Das
et al."*® reported the self-healing property of ionomeric butyl
rubber (IIIR) prepared by the modification of bromobutyl
rubber (BIIR) with butylimidazole. The reaction between the
allyl bromide group of BIIR with butylimidazole results in the
formation of ionic imidazolium groups having associated
bromide anion. The interaction between the imidazolium
ionic moieties results in the formation of reversible ionic
associates those act as physical crosslinks (Fig. 20a). These
ionic association break with an increase in the temperature
and again, the association of ionic moieties takes place with a

( a) ‘ Virginal
Tonic cluster

Butyl rubber
R: CHj, C4Hy, CgHys, CoHyo

Fig. 20 (a) Schematic representation of the formation of the ionic cluster in the imidazole-modified BIIR.*?” (b) Dissociation and association ionic
groups during the self-healing process.'?® Reproduced from ref. 126 with permission from American Chemical Society, copyright 2015. Reproduced
from ref. 127 with permission from American Chemical Society, copyright 2017.
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further reduction in the temperature. The association, dis-
sociation, and rearrangement of the ionic groups induce the
self-healing property in the rubber (Fig. 20b). The ionically-
modified BIIR shows superior mechanical properties (elastic
modulus, tensile strength, ductility, and hysteresis loss) over
those of conventionally sulfur-cured BIIR. The structure of the
alkyl imidazole (modifier) also has a great impact on the self-
healing property of BIIR. Suckow et al.'®” studied the effect of
various alkyl imidazole such as 1-methylimidazole, 1-butylimi-
dazole, 1-hexylimidazole, 1-nonylimidazole, and 1-(6-chloro-
hexyl)-1H-imidazole on the self-healing property of ionically-
modified BIIR. The self-healing property mainly depends on
the nature of the ionic cluster. The strong ionic cluster reduces
the chain dynamics, which in turn improves the mechanical
properties but reduces the self-healing efficiency. Imidazole
with short aliphatic substituents (1-methylimidazole) forms
strong clusters and results in poor self-healing property,
whereas imidazole with medium alkyl chain length (e.g. butyl,
hexyl, and nonyl) reduces the cluster strength and improves
the chain dynamics and hence the self-healing efficiency. The
weaker cluster strength results in poor mechanical properties.
Thus, a balance between the mechanical or self-healing prop-
erty is needed to get the optimum value of both. BIIR modified
with 1-hexylimidazole shows the optimum properties with a
healing efficiency of 74% (based on the tensile strength) and
98% (based on the elongation at break) and tensile strength
and elongation at break of 10.7 MPa and 1040%, respectively.
Mordvinkin et al.'*® reported that imidazole (methyl-, butyl-,
hexyl, or nonylimidazole)-modified BIIR form ionic clusters of
about 20 ionic groups. This indicates that the overall structure
is governed by the spacing of the ionic groups along the chain
and by their strong aggregation tendency in all the cases. The
fraction of free ionic groups is small in all the imidazole-modi-
fied BIIR. The amplitude of the internal motion of the ionic
clusters increases with an increase in the length of the alkyl
group of alkylimidazolium.

Stein et al."*® studied the effect of the combination of ionic
cluster and hydrogen bonding on the self-healing and repro-
cessability of bromobutyl rubber. In this case, BIIR is reacted
with modifiers having one uracil and one imidazole moiety.
The reaction of the allyl bromide units of BIIR with the imid-
azole moiety results in the formation of imidazolium bromide
units (ionic groups), which undergo association to form ionic
clusters. The supramolecular physical crosslink is formed via
triple hydrogen bonding between the uracil groups with a
bifunctional linker having two diamidopyridyl moieties. The
presence of dual dynamic crosslinks does not help to show the
improved self-healing property and the healing efficiency is
lower than that of the hexyl imidazole-based ionomer.

6.2. Self-healing IIR-ionomer nanocomposites

The addition of the filler also affects the self-healing property
of the ionically-modified BIIR."*° Le et al.*"'** reported the
preparation of self-healing butyl rubber (IIR) by the modifi-
cation of bromobutyl (BIIR) with imidazole. Further, they
loaded the imidazole-modified BIIR with carbon nanotubes
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(CNTs) to reinforce the matrix and to induce the electrical con-
ductivity. The cation-n interaction between the imidazolium
group of butyl rubber and the CNT improves the rubber-CNT
interaction and results in better mechanical performance and
higher electrical conductivity. The electrically conductive
nature of the composite helps to accelerate the healing process
just by applying an electrical current across the damaged
surface. Sallat et al.'®* studied the effect of addition of silica
nanoparticles on the self-healing and mechanical properties of
ionically-modified BIIR (modified using 1-butylimidazole). In
addition to pristine (precipitated) silica, they also used sila-
nized silica nanoparticles with aliphatic or imidazolium func-
tional groups. The interaction between the ionic group of ioni-
cally-modified BIIR and the functional groups of silica nano-
particles strongly improves the mechanical properties but with
a reduction in the self-healing efficiency. The tensile strength
of ionically-modified BIIR is 10.2 MPa and increased to
12 MPa, 18.9 MPa, and 18.9 MPa, respectively, due to its com-
posites with pristine, alkyl-functionalized, and imidazolium-
functionalized silica nanoparticles. No improvement in the
tensile strength is observed when the modification of silica is
performed via the in situ process during compounding. This
may be because of the presence of unreacted modifier mole-
cules that are not successfully grafted over the silica nano-
particles. The pristine ionically-modified BIIR shows a healing
efficiency of 87 + 50%, which reduces to 32-43% for its silica
nanocomposites. Interestingly, the tensile stress and elonga-
tion at break of the composites after healing are comparable
with those of the pristine ionomer.

Most of the reported literature on self-healing BIIR is
based on imidazolium-based ionic moiety. Phosphonium,
ammonium, and pyridinium based ionic groups can also be
incorporated into BIIR via reaction with phosphine, amine,
and pyridine-based nucleophiles. The effect of the phos-
phonium, ammonium, and pyridinium-based ionic moieties
on the self-healing property of BIIR should be evaluated and
compared with the imidazolium-based ionic moiety.

7. Self-healing nitrile butadiene
rubber (NBR)

7.1. Self-healing NBR based on coordination bond

NBR contains a double bond as well as a nitrile functionality.
The nitrile group in NBR acts as a ligand and forms complexes
with metal salts. Nitrile rubber is also crosslinked using metal
salts, where the crosslinks are formed via the coordination
reaction between the nitrile group and the metal atom."* If
the coordination bond between the nitrile group and the
metal is reversible, then the coordination crosslinked NBR can
be easily reprocessed. The functional group of the functiona-
lized NBR can also be utilized to form a reversible coordinate
bond with suitable metal ions. Cheng et al.'*® reported the
preparation of recyclable NBR by the functionalization of epox-
idized NBR with dopamine, followed by the formation of
coordination crosslinks between the catechol groups of dop-
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amine and Fe’” ion. The introduction of crosslinks via revers-
ible coordination chemistry can also induce the self-healing
property in NBR. Zhang et al.*® reported the preparation of
self-healable and reprocessable coordination-crosslinked NBR
using cobalt neocaprate (cobalt(u) decanoate) as a crosslinker
(Fig. 21). When the healing is performed at 190 °C for 10 min,
the coordination-crosslinked NBR shows a healing efficiency
of 72%, whereas it is only 26% in sulfur-crosslinked NBR. NBR
loaded with 30 phr of cobalt neocaprate exhibits superior
tensile strength and higher elongation at break than that of
the sulfur (1.5 phr)-cured NBR sample. The cobalt neocaprate-
crosslinked NBR exhibits higher modulus and tensile strength
after recycling. The nature of the metal-ligand bond also has a
strong influence on the self-healing efficiency. Das et al'’’
studied the effect of various metal salts (Co™, Ni*?, and zZn*>
based metal salts) on the self-healing property of 2,6-diamino-
pyridine-functionalized carboxylated nitrile butadiene rubber
(DAP-XNBR). Zn**-coordinated DAP-XNBR exhibits better self-
healing efficiency than that of Co™ and Ni*?, whereas the
tensile strength of the Co™ and Ni*?-coordinated DAP-XNBR is
much higher than that of Zn">. The higher healing efficiency
in Zn™* coordinated DAP-XNBR is due to the dynamic nature
of the metal-ligand bond, whereas the stronger metal-ligand
bond in Ni“-coordinated DAP-XNBR reduces the healing
efficiency. The healing efficiency Co™, Ni*?, and Zn"-co-
ordinated DAP-XNBR increases with an increase in the healing
temperature.

7.2. Self-healing NBR via blending with other polymers

NBR can also be made self-healable by blending with suitable
polymeric materials. Schiissele et al'*® studied the self-
healing property of NBR by blending with hyperbranched poly-
ethyleneimine and their urea derivatives. Neat NBR shows a
healing efficiency of 4% when the cut samples are healed at
100 °C for 12 h. However, the blending of 12 phr of hyper-
branched polyethyleneimine (PEI) with NBR results in a
healing efficiency of 27-44%. The blending of high molecular
weight PEI (2000 g mol™") with NBR shows better healing
efficiency (44%) than that of low molecular weight PEI (800 g
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mol ™). The blending of poly(acrylic acid)-grafted ground tire
rubber (PAA-g-GTR) also has a great impact on the self-healing
property of NBR. Barrios et al.'** compared the self-healing
property of the XNBR/ZnO compound with the PAA-g-GTR-
added XNBR/ZnO (XNBR/ZnO/PAA-g-GTR). In XNBR/ZnO, Zn**
form ionic crosslinks with the acid group of XNBR, and the
association and dissociation of ionic groups results in the self-
healing property. The addition of PAA-g-GTR into the XNBR/
ZnO compound further improves the healing efficiency, which
is due to the formation of additional ionic clusters via inter-
action between the acid groups of PAA-g-GTR and Zn>*. The
healing efficiency of the XNBR/ZnO compound is 15%, which
increased to 70% for the XNBR-ZnO-PAA-g-GTR compound.
NBR as an additive also improves the self-healing efficiency of
other self-healing polymeric systems. Feng et al.**® reported
that the self-healing efficiency of epoxy resins (based on the
Diels-Alder reaction) can be improved by introducing NBR
into it. The blending of 0, 5, 10, and 15 phr of NBR to the self-
healing epoxy system results in a healing efficiency of 70.0%,
81.5%, 84.9%, and 88.6%, respectively.

7.3. Self-healing NBR via DA/rDA reaction and disulfide
metathesis reaction

The self-healing property of NBR can be improved via the intro-
duction of dual dynamic covalent bonds. Sarkar et al'*'
reported the preparation of self-healing XNBR based on
dynamic photo-triggered disulfide metathesis and thermore-
versible Diels-Alder (DA) “click” chemistry (Fig. 22). They first
prepared a furan-functionalized XNBR (FXNBR) via the reac-
tion of XNBR with furfuryl amine, followed by crosslinking
with a dual functional crosslinker (BMDS) having maleimide
as well as disulfide functionalities that can participate in the
DA reaction and disulfide metathesis reaction. The BM-DS
crosslinked FXNBR (FXNBR-BMDS) shows a healing efficiency
of 60-91% when healed at 125 °C for 4 h, followed by cooling
down to RT, and this temperature was maintained for another
12 h. The increased BM-DS content in the FXNBR-BMDS
results in an increase in the tensile strength but reduces the
self-healing efficiency. The improved tensile strength is due to

Co(CyoH190,),

Fig. 21 Schematic representation of the preparation of coordination crosslinked NBR.1%¢
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Fig. 22 Schematic representation of the preparation of self-healing XNBR having disulfide moiety and DA bon

the increase in the crosslink density, which in turn reduces the
chain mobility and self-healing efficiency. The FXNBR-BMDS
also shows self-healing property under UV irradiation (for 4 h),
which is due to the disulfide metathesis reaction. The
FXNBR-BMDS sample with similar BMDS content
(furan : BMDS = 1:0.07) shows a healing efficiency of 74% and
78% under thermal and UV irradiation, respectively. The
authors studied the individual effect of thermal and UV
irradiation on the self-healing property. The study of the effect
of a combined dose of thermal and UV irradiation on the self-
healing property would have been more interesting.

141
d.

8. Self-healing chloroprene rubber
(CR)

Sulfur-crosslinked CR can be made self-healable and reproces-
sable by the incorporation of a suitable catalyst that can cause
a disulfide metathesis reaction. Xiang et al."** reported the use
of organic complex copper(n) methacrylate (MA-Cu) as a novel
catalyst to trigger disulfide metathesis at elevated tempera-
tures. When the catalyst is incorporated into the vulcanized
CR, the reshuffling of inherent sulfur crosslinks is enabled
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Fig. 23 Schematic representation of the preparation of the self-healing polysiloxane elastomer with DA bonds.*>> Reproduced from ref. 155 with

permission from Royal Society of Chemistry, copyright 2016.
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typically at 120 °C, while the microstructure of the material
remains unchanged at a lower temperature (typically lower
than 100 °C). The presence of the catalyst activates the di-

Table 1 Rubber composition, self-healing mechanism, healing conditions, and self-healing efficiency
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sulfide bond, as a result of which the sulfur bonds are reversi-
bly exchanged inside the vulcanized chloroprene rubber as
well as across the surfaces at 120 °C. The exchange of disulfide

Healing

Rubber/modified rubber/other efficiency
chemicals Healing mechanism Healing conditions (%) Recyclability Ref.
Furan functionalized PB & DA & rDA — — Recyclable at 68
bismaleimide 110 °C
Furan functionalized PB & DA & rDA 150 °C & 60 °C — Recyclable at 69
bismaleimide 160 °C
PB/polysulfide Disulfide metathesis UV irradiation 93-97 Recyclable under 71

UV light
S-crosslinked PB/CuCl, Disulfide exchange 110°C 12 h 75 Recyclable at 72

110 °C
PB oligomers having carboxylic acid  Ionic hydrogen bonds RT,1h 33-93 — 73
and amine groups/tri-thiol
crosslinker
PB/1H,1H,2H,2H- Crystallite melting 80 °C — — 75
perfluorodecanethiol
XSBR/NCS composites (NCS Supramolecular hybrid network RT, 24 h 92 — 80
20 Wt%)
Furan functionalized SBRIMWCNT DA & rDA 100 °C, 5 h 90 Recyclable at 81
& bismaleimide 130-150 °C
Furan functionalized NR & DA & rDA 100°C,4h &40°C,3-7h  38-85 Recyclable 85
bismaleimide
Carboxylated IR & NaOH Ionic interaction 28 °C 80 — 86
NR/methacrylic acid/ZnO Ionic interaction RT, 20 min 96-100 — 91
Dopamine modified ENR/Fe** Reversible coordinate bond 50 °C, 12-24 h 89-93 — 96
ZnCl-decorated ENR/histidine Reversible coordinate bond RT, 2 min 107 — 97
modified CNC
Maleic anhydride grafted NR/ Hydrogen bond & reversible 80°C,12-24 h 74 — 100
3-amino-1,2,4-triazole/ZnCl, coordinate bond
ENR/dithiol-bearing boronic ester/ boronic ester 80°C,24 h 60-100 Recyclable at 101
ZnCl, transesterifications & reversible 160 °C

coordinate bond
NR/S/accelerator (CBS) a/s = 0.2 Disulfide exchange 70°C,7 h 3-80 — 105
ENR/dithiodibenzoic acid/4,4'- Disulfide metathesis and 120°C,5h 98 Recyclable at 107
dithiodianiline/S hydrogen bonding 155 °C
ENR/chitin nanocrystals (20 phr) Hydrogen bonding RT, 24 h 83 — 108
ENR/cellulose nanocrystals (20 phr) ~ Hydrogen bonding RT, 24 h 86 — 111
ENR/TEMPO-oxidized cellulose Transesterification reaction 160 °C,3 h 80 Recyclable at 112
nanocrystals 160 °C
NR/SiO,/MgSO, (activator and sulfur Hydrogen bonding and ionic 50°C,24 h 51-79 — 114
curing agents) interaction
Serine modified Ti;C,MXenes/ Hydrogen bonding RT, 90 min 99.3 — 115
serine modified ENR
BIIR/1-butylimidazole Ionic interaction RT-100 °C, 1-192 h — Recyclable in 126
BIIR/1-methylimidazole Ionic interaction 70 °C, 16 h (pressed 18 +13 solvent or above 127
BIIR/1-butylimidazole together with a 25+ 16 130 °C
BIIR/1-hexylimidazole compression of 0.1 mm) 74 +43
BIIR/1-nonylimidazole 57 £ 39
BIIR/1-butylimidazole Ionic interaction and acid-base 70 °C, 16 h (under slight 87 £50 133
BIIR/1-butylimidazole/pristine silica  interaction pressure) 40 + 25
BIIR/1-butylimidazole/alkyl 43 +23
functionalized silica
BIIR/1-butylimidazole/imidazolium 32+16
functionalized silica
NBR/cobalt neocaprate Coordination 190 °C, 10 min 72 Recyclable 136
NBR/sulfur — 26 —
NBR 100 °C,12 h 4 — 138
NBR/PEIL 27-44 —
Furan functionalized NBR & DA, rDA and Disulfide 125 °C for 4 h, cooling 60-75-91 Recyclable at 141
bismaleimide with disulfide moiety = metathesis down to RT and held for 130 °C
12 h
UV irradiation for 4 h 78

Furan and maleimide DA & rDA 140 °C for 3 h and 80 °C 29-95 Recyclable at 155

functionalized polysiloxane
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bonds via the metathesis reaction results in repeated reshap-
ing, self-healing, and recycling of the crosslinked CR. The di-
sulfide metathesis reaction is only possible for disulfide and
polysulfide linkages. However, the formation of more mono-
sulfide linkages during vulcanization may act as permanent
crosslinks and retard the self-healing process.

9. Self-healing diene-functionalized
silicone rubber

Silicone rubber (polysiloxane) differs from other elastomers in
the structure of its backbone, which consists of Si-O-Si units.
The wide applications of silicone rubber in biomedical devices
and seals have attracted significant attention for the develop-
ment of self-healing silicone rubber that can improve the
application life. Besides a large number of pieces of literature
on self-healing silicone rubber,"***** only a few have been
reported on the field of diene-functionalized self-healing sili-
cone rubber. Zhao et al.'*® reported a healable polysiloxane
elastomer via the crosslinking of polydimethylsiloxane-bearing
maleimide pendants (AMS-DMAS-M) with furan-end functio-
nalized siloxane (APMS-F) via the Diels-Alder (DA) reaction
(Fig. 23). For comparison purposes, they also prepared a cross-
linked polysiloxane sample without the DA bonds. The
DA-crosslinked polysiloxane elastomers show the self-healing
property for thermal treatment at 140 °C for 3 h and at 80 °C
for different times. At 140 °C, the cleavage of the crosslinks
(DA adduct) takes place via retro Diels-Alder reaction, which
generates the furan (diene) and maleimide (dienophile) func-
tionality on the polysiloxane elastomers. These furan and
maleimide groups are again recombined at 80 °C and result in
the formation of DA crosslinks. The increase in the thermal
treatment time at 80 °C results in an increase in the healing
efficiency, which is due to the formation of more crosslinks via
the DA reaction. DA-crosslinked polysiloxane elastomers show
a healing efficiency of 29%, 59%, 89%, and 95% on respective
thermal treatment for 1 h, 6 h, 12 h, and 24 h at 80 °C. The
content of DA adducts and the molecular weight of the polysi-
loxane elastomer has a strong impact on the self-healing
efficiency. An increase in the content of DA adducts and a
decrease in the molecular weight of the polysiloxane elastomer
results in an improvement in the healing efficiency. The
higher healing efficiency of the low molecular weight polysilox-
ane elastomer is due to the better chain mobility than that of
the high molecular weight counterpart. Interestingly, the DA-
crosslinked polysiloxane elastomer shows similar healing
efficiency even after remolding via hot compression at 140 °C
(for 1.5 h under a pressure of 20 MPa), followed by cooling
down to 80 °C and remaining at this temperature for 24 h.
This indicates that the DA-crosslinked polysiloxane elastomer
is reprocessable similar to thermoplastic elastomers. In con-
trast, the crosslinked polysiloxane sample without DA bonds
does not exhibit self-healing and reprocessable properties. The
incorporation of nanoparticles into the DA-based self-healing
polysiloxane system also affects the mechanical and self-
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healing properties. Zhao et al."*° studied the effect of graphene
nanosheets on self-healable and mechanical properties of
polysiloxane/graphene nanocomposites. The pristine DA cross-
linked polysiloxane elastomer shows a tensile strength of 0.059
MPa and a self-healing efficiency of >90% (healing condition:
80 °C for 12 h) even after three successive healing cycles. The
incorporation of 35 wt% graphene nanosheets results in an
18-fold increase in the tensile strength without compromising
the self-healing efficiency.

10. Summary

The mechanism of self-healing, healing efficiency, healing
conditions, recyclability, and recyclability conditions of the
different diolefin-based elastomeric systems is summarized in
Table 1.

11. Conclusions, challenges, and
future research opportunities

Diels-Alder reaction, disulfide metathesis reaction, ionic inter-
action, reversible coordinate bond, and reversible hydrogen
bonding are important mechanisms that induce self-healing
property in elastomeric materials. Each mechanism has its
own merits and demerits. Self-healing elastomers based on
the Diels-Alder reaction show good mechanical property but
need high temperatures to show self-healing property. Though
the Diels-Alder reaction-based self-healing systems are co-
valently crosslinked, these can be easily reprocessed by
heating above the retro Diels-Alder reaction temperature. The
disulfide exchange mechanism, ionic interaction, hydrogen
bonding, and reversible coordinate bond induce the self-
healing property at somewhat lower temperatures (also depend
upon the crosslink density and elastomeric system) but do not
provide good mechanical properties. Depending on the elasto-
meric system, the disulfide mechanism shows self-healing
property under thermal or UV irradiation or even at room
temperature. The longer exposure of the cut surfaces of di-
sulfide-based self-healing elastomers to the open atmosphere
reduces the healing efficiency due to the deactivation of the
sulfide radicals. In the case of ionically-modified elastomers,
the healing efficiency strongly depends on the nature of the
ionic moiety. Very weak ionic interaction reduces the healing
efficiency and the mechanical properties. The formation of a
very strong ionic cluster provides good mechanical properties
but reduces the self-healing efficiency. Hence, an optimized
ionic interaction is crucial for achieving better self-healing
property. The introduction of both permanent and dynamic
crosslinks improves the mechanical property but the perma-
nent network reduces the chain dynamics and hence the self-
healing property. Thus, it is quite a challenging task to design
a self-healing elastomer with good mechanical as well as self-
healing properties.
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The self-healing elastomers based on multi-dynamic net-
works need to be explored to achieve excellent self-healing and
good mechanical properties. For example, aromatic disulfide,
ionic interaction, and DA adducts can be introduced to a
single elastomeric system. Aromatic disulfide can show self-
healing property at room temperature and the ionic group can
be manipulated to show the self-healing property at 60-100 °C;
furthermore, the DA adduct will show self-healing property at
120-160 °C. In this kind of multi-mechanism healing system,
the healing of micro-cracks will occur at room temperature
due to disulfide metathesis reaction, whereas the ionic inter-
action (physical crosslinks) and DA adducts (covalent cross-
links) will provide good mechanical properties. For a crack of
intermediate intensity, the material can be heated above the
dissociation temperature of the ionic crosslinks so that the
material can heal via a dual mechanism, i.e., the involvement
of both ionic and disulfide exchange mechanisms. In case of a
bigger crack, the elastomer can be heated above the rDA reac-
tion temperature, which will improve the chain mobility and
the healing will take place through the combination of di-
sulfide metathesis, reversible ionic interaction, and reversible
DA/rDA reaction. Multi-stimuli (heat, light, chemical, mechan-
ical, etc.) responsive self-healing elastomers can also be
explored by introducing various functional moieties into a
single elastomeric system. A detailed study of the individual
and combined effects of the stimuli on the self-healing
efficiency would be more interesting.

There are few reports in the area of self-healing SBR, which
has the single largest synthetic rubber application in the
rubber industry. High styrene content SBR or hydrogenated
SBR with self-healing property will further expand the appli-
cation areas of SBR. More work should also be done on the
development of self-healing CR, which has not been explored
much.

Elastomers are mostly used by compounding with different
fillers. Conventional fillers hinder the interaction between the
functional groups of the self-healing elastomers, resulting in
reduced healing efficiency. Fillers with a suitable functional
moiety that can reversibly interact with the functional groups
of the self-healing elastomers should be explored to achieve
optimum self-healing and mechanical properties. Without in-
depth studies of self-healing elastomer composites, commer-
cialization is nearly an impossible target. Hence, maximum
effort should be given to the development of self-healing elas-
tomeric composite rather than pristine rubber.

Despite the great efforts in the development of self-healing
elastomers, there are serious limitations that need to be
resolved. Evaluating the self-healing efficiency through tensile
measurement or monitoring superficial cracks is insufficient
to ensure the behavior in the service of self-healing elasto-
meric materials. The impact of external environmental con-
ditions on the self-healing property of the elastomers and elas-
tomer composites also needs to be evaluated for real
applications.

Elastomers such as PB, SBR, NR, and IIR are mostly used in
the tire industry and always perform under cyclic thermal/
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mechanical stress. Thus, future research should also be
focused on mechano-responsive and thermoresponsive self-
healing elastomers that can exhibit self-healing property under
mechanical/thermal stress. IIR-based rubbers having self-
healing properties will help in puncture-proof tires during the
application itself. These special PB/SBR/NR used in tire tread/
sidewall will increase the life cycle of the tire. Hence, this self-
healing concept development and commercialization will have
utmost importance and the need of the hour for next-gene-
ration automatic vehicles. The application research of these
new materials is to be explored in the automotive segment.
Another important upcoming application area of elastomers is
in the flexible electronic segment. Electronic items, being
costly, a higher life cycle is the most desired. If self-healing
elastomers can be used in this area, the life cycle of the pro-
ducts can be enhanced. This will in turn reduce the cost of
gadgets as well as the desired reduction in electronic wastes.

The increasing demand for elastomeric materials is result-
ing in huge elastomeric wastes. This review has described the
recent advances in smart elastomeric materials, which could
be a potential alternative to reduce the elastomeric waste by
extending their application life and making them suitable for
reprocessing. We hope that this review will serve as an inspi-
ration for the research community to take this field ahead and
to make the sense of self-healing elastomers in real life for a
sustainable society.
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