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Recent advances in self-healing polyurethane based on
dynamic covalent bonds combining with other self-healing
methods

In the research process of self-healing PU, it is found that
the competitive relationship between self-healing ability and
mechanical properties cannot be avoided by a single self-
healing method. This problem can be overcome

by combining dynamic covalent bonding with other
self-healing methods to design different double-network or
multi-network polymers.
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based on dynamic covalent bonds combined with
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To meet more application requirements, improving mechanical properties and self-healing efficiency has
become the focus of current research on self-healing PU. The competitive relationship between self-
healing ability and mechanical properties cannot be avoided by a single self-healing method. To address
this problem, a growing number of studies have combined dynamic covalent bonding with other self-
healing methods to construct the PU structure. This review summarizes recent studies on PU materials
that combine typical dynamic covalent bonds with other self-healing methods. It mainly includes four
parts: hydrogen bonding, metal coordination bonding, nanofillers combined with dynamic covalent
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bonding and multiple dynamic covalent bond bonding. The advantages and disadvantages of different
self-healing methods and their significant role in improving self-healing ability and mechanical properties
in PU networks are analyzed. At the same time, the possible challenges and research directions of
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1. Introduction

Polyurethane (PU) is one of the most promising polymer
materials. However, its service life is inevitably reduced due to
damage during use, resulting in waste that is difficult to
recycle and causes many environmental problems.”'® At
present, the introduction of a self-healing function to improve
the durability of PU materials has become an effective way to
solve the pollution problem.

In a general sense, the self-healing methods in PU are
divided into extrinsic and intrinsic self-healing. The extrinsic
self-healing method refers to the addition of microcapsules/
microvessels containing healing agents into the polymer.'®™®
The intrinsic self-healing method refers to the introduction of
dynamic reversible structures, including dynamic covalent
bonds (such as disulfide bonds, Diels-Alder (DA) bonds, imine
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self-healing PU materials in the future are discussed.

bonds, and boronic ester bonds) and non-dynamic covalent
interactions (such as hydrogen bonds, metal coordination
interactions, and host-guest interactions).>" Polymers contain-
ing dynamic covalent bonds are usually stable under environ-
mental conditions. When dynamic covalent bonds are
destroyed, they can heal after four reaction steps, including
reversible cycloaddition reactions, exchange reactions, stable
free-radical-mediated reshuffling reactions, and heterocyclic
compound/carbohydrate facilitated bond reformations, stimu-
lated by light, temperature, or pH.?> Covalent bonds in poly-
mers that undergo cycloaddition reactions usually have higher
bond energies. Although it can help improve the mechanical
properties of materials, the reversible reaction of covalent
bonds needs more energy for excitation.>® The exchange reac-
tion of polymers takes advantage of the dynamic reversibility
of covalent bonds. Due to the low reaction temperature of
some exchange reactions, they show good self-healing charac-
teristics under environmental conditions. However, such poly-
mers usually do not have sufficient mechanical stability.>*
With the wide application range of PU materials, the self-
healing efficiency or mechanical properties of single dynamic
covalent network polymers can no longer meet the current
requirements."® Therefore, researchers have designed different
double-network or multi-network polymers (such as supramo-
lecular networks, double dynamic networks, double dynamic
polymer interpenetrating networks, and semi-interpenetrating
polymer networks) to combine dynamic covalent bonds with
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other self-healing methods to synthesize polymers that simul-
taneously have a high self-healing efficiency and excellent
mechanical strength.>??%?® Hydrogen bonds, metal coordi-
nation bonds, nanofillers, and other dynamic covalent bonds
are often introduced. Although the hydrogen bond energy is
low, it has directionality and affinity. It can be used as a rein-
forcing filler in the low glass transition temperature (73) con-
tinuous matrix to improve the mechanical strength of the
polymer.*® The coordination number and the conformation of
the coordination center of metal-ion coordination bonds can
be adjusted under stimulation, and its non-covalent binding
force is variable.?” It can provide reversibility for constructing
self-healing metal supramolecular networks similar to hydro-
gen bonds and can also use light reactivity to provide control-
lable self-healing ability. In addition, many non-covalent
bonds can be used as sacrificial bonds to improve self-healing
efficiency and as a supplement to covalent bonds. In addition,
many non-covalent bonds can be used as sacrificial bonds to
improve self-healing efficiency and as a supplement to
covalent bonds. Many nanofillers can also be added to the
polymers to promote the interfacial interaction between frac-
ture surfaces and contribute to self-healing.>®

To date, there have been no reviews on the recent progress
in PU materials that combine covalent bonds with other
methods. In order to fill this research gap, this paper systema-
tically reviews the research on this kind of self-healing PU
from the aspects of synthesis methods, self-healing efficiency,
mechanical properties, and applications. The advantages and
disadvantages of the different methods are also compared in
detail, and future development trends and the possible chal-
lenges of such self-healing polymers are also pointed out.

2. Typical dynamic covalent bonds in
PU

Some typical dynamic covalent bonds in self-healing PU
include disulfide bonds, DA bonds, imine bonds and boronic
ester bonds. The basic structure of a disulfide bond is R-S-S-
R. Depending on the reaction environment, the reactions can
be divided into those of thiol-disulfide polymers undergoing
redox reactions and of disulfide-containing aromatic, aliphatic,
or other polysulfide polymers undergoing disulfide exchange.
The thiol-disulfide reaction occurs when the thiol is easily oxi-
dized in a conventional environment, making it difficult for
the reaction to proceed.”® Therefore, exchange reactions
between polymers containing aromatic disulfide bonds or ali-
phatic disulfide bonds occurring through a free-radical-
mediated mechanism are commonly seen when designing self-
healing polymers.>® During the self-healing process, the di-
sulfide bonds in the polymer chain are rearranged, as shown
in Fig. 1a. In contrast to aliphatic disulfide bonds, which can
be rearranged by external stimuli such as heating or ultraviolet
light, aromatic disulfide bonds can be rearranged at room
temperature (RT). Disulfide bonds are usually introduced into
hard segments as chain expanders in PU, and they can affect
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Fig. 1 The schematic diagram of reversible reaction of disulfide bonds
(a), DA bonds (b), imine bonds, (c) and boronic ester bonds (d).

the balance between the self-healing efficiency and mechanical
properties.>** The combination of disulfide bonds and other
self-healing methods to improve the self-healing efficiency and
mechanical properties of PU has been widely researched.

The DA reaction is a dynamic and reversible reaction based
on a temperature reaction, in which compounds with reactive
double or triple bonds (dienophile) undergo cycloaddition
reactions with conjugated diene groups (pro-dienyl groups) at
about 60 ©°C. When the temperature is increased to
100-150 °C, the retro-DA (rDA) reaction occurs to rebuild the
covalent bonds to heal the cracks.’ In general, the DA bond is
formed by the reaction of a linear PU with a furan side group
and a maleimide group. Self-healing based on a DA reaction
requires a higher temperature, which may damage the integrity
of the material’s performance or limit the material’s appli-
cations. Improving the self-healing efficiency while possessing
a high modulus and toughness and mild healing conditions is
the current research hotspot of self-healing PU based on the
DA reaction and other methods.?”

The imine bond, also known as a Schiff base, generally
refers to the R,C = NR' (R’ # H) structure, which is obtained by
the reaction of aldehydes (or ketones) with primary amines.>®
The synthesis mechanism is that the nitrogen atom with lone
pair electrons in the amine compound acts as a nucleophilic
reagent to attack the carbon atom of the carbonyl group and
dehydrate to form the corresponding imine bond. This reac-
tion is usually catalyzed by an acid but hydrolyzes at a higher
acidity. The dynamic exchange of imine bonds also occurs in
hard segment of the PU. The mechanism includes the hydro-
lysis reaction of imine bonds, the metathesis reaction between
imine bonds, and an exchange reaction between imine bonds
and amino groups.’” The dynamic activation energy of the
imine bond is low, and the exchange reaction is easily trig-
gered, which can be triggered under the stimulation of temp-
erature and pH and can be water-assisted.***° Combining
physically reversible non-covalent interactions with dynamic
imine bonds to form multiple cross-linked networks to over-
come the shortcomings of simple imine bonds that are

This journal is © The Royal Society of Chemistry 2023
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unstable under acidic conditions and are sensitive to pH has
attracted the attention of many researchers.

Boronic ester bonds are usually located in the PU side
chain to form a dynamic reversible network. They can be
rapidly and dynamically exchanged without any catalyst.
Hydrogels containing boronic esters can self-heal under
neutral and acidic conditions.*' ™ Their stability generally
depends on the pH of the environment. Typically, they have
weak mechanical properties such as low stretch, brittleness,
poor viscoelasticity, and poor formability.”® These problems
can be improved by combining them with other self-healing
methods to obtain stable materials.

3. Combining dynamic covalent
bonding and hydrogen bonding

The hydrogen bond energy is much smaller than that of a
dynamic covalent bond. According to the number of hydrogen
bonds formed by the proton donor and the proton acceptor of
the two structural units, it is divided into single and double
hydrogen bonds with a weak interaction and multiple hydrogen
bonds with a strong interaction obtained by superposition
(Fig. 2). Hydrogen bonds are easy to design and have dynamic
reversibility under external stimulation. The strong interaction
force generated by the superposition of multiple hydrogen
bonds can be used as a physical crosslinking point. Therefore, it
is widely used in supramolecular polymers. Hydrogen bonds in
PU are usually formed by carbamate, 2-ureido-4-pyrmidone
(UPy), and amide groups.®™** The common weak hydrogen
bonds in PU originate from their characteristic groups. The
strong hydrogen bonds come from the self-complementary
quadruple hydrogen bond interactions between the UPy dimers
introduced into the main chain.®*®* In addition to the self-
healing ability, the introduction of strong hydrogen bonds will
affect the tensile properties, and weak hydrogen bonds generally
play a role in energy dissipation. The mechanical properties and
self-healing abilities of PU materials combined with dynamic
covalent bonds and hydrogen bonds are summarized in Table 1.

Disulfide and hydrogen bonds

The combination of dynamic disulfide and hydrogen bonds is
a common self-healing method. Disulfide and hydrogen
bonds, which function in concert as hard segments in the
structure of PU, can have characteristics resembling those of a
conjoined covalent adaptive network.®®> Hydrogen bonds can
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Fig. 2 The three typical hydrogen bonds in PU.
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act as physical crosslinking points along with the disulfide
bonds to provide self-healing ability to the materials and
improve the thermal stability, which allows the materials to be
reprocessed and healed in the solid state.*> As shown in
Fig. 3a, Yuanbo Cai et al. used 2,4-diamino-6-hydroxypyrimi-
dine (DAHP) to synthesize PU elastomers to achieve a covalent-
bonded crosslinking structure, in which there are sufficient
hydrogen bonds at the crosslinking point.> The tensile
strength is up to 31.0 MPa and the self-healing efficiency is up
to 93.6% after 48 h at RT. The hydrogen bond can cause a
strong adhesion force to produce a better self-healing ability in
the elastomer at RT, and the increase in DAHP content leads
to the formation of a loose-phase separation structure and
more disordered hydrogen bond transformation, which accel-
erates the formation of hydrogen bonds and provides space for
the exchange of disulfide bonds.

The reversible disulfide bond in the hard segment of PU
leads to the self-healing ability, enhances the molecular
chain’s flexibility, and improves the elongation at the break of
the material, but will relatively weaken the tensile strength.*®
The tensile strength and toughness of the structure can be
increased with the addition of UPy units, but the elongation at
the break can be decreased. As shown in Fig. 3b, these syner-
gistic interactions of several dynamic connections can produce
the self-healing PU with strong mechanical properties when
combined with disulfide bonds. Jing Chen et al. introduced
aliphatic bis(2-hydroxyethyl) disulfide (HEDS) and UPy into
PU; as a result, the self-healing efficiency can reach 99%, the
elongation at break is 2615.17%, the tensile strength is 27.83
MPa and the toughness is164.36 MJ m—>.""

The presence of disulfide and multilevel hydrogen bonds in
the structure provides a solid crosslinking and energy dissipa-
tion mechanism that allows the polymer network to produce
multiple bond breaking, exchange and reorganization modes.
The disordered weak hydrogen bonds can provide fluidity for
the polymer chain and make it break to dissipate energy under
tension. The ordered strong hydrogen bond limits the relax-
ation of the polymer chain and acts as a stable physical cross-
linking point to resist deformation, thereby improving the
material’s toughness.** There are intrachain and interchain
hydrogen bond interactions between strong and weak hydro-
gen bonds. Intrachain hydrogen bond interactions lead to the
folding of molecular chains and allow the extension of large
chains; the interchain hydrogen bond interaction leads to a 3D
crosslinked network and repeated bonding/breaking during
the sliding process among the chains. Lei Zhang et al
designed a self-healing supramolecular elastomer, and its
unnotched and notched films showed ultra-high elongation at
break (Fig. 3c(i)). The polymer PDMS-SS-IP-BNB network con-
tains disulfide bonds, strong hydrogen bonds (quadruple
hydrogen bonds), and weak hydrogen bonds.'? They are
derived from the cross-linking of 4,4'-dithiodianiline, 4,4"-bis
(hydroxymethyl)-2,2"-bipyridine (BNB), and diisocyanate (IP)
with other bonds. The dismutation of aromatic disulfides can
be used as a sacrificial bond for material breakage, thereby
improving the stability of the material. Dynamic strong hydro-
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Table 1 Studies on self-healing with hydrogen bonding and dynamic covalent bonding in PU networks
Dynamic covalent Tensile Elongation at Young’s Toughness
bond strength (MPa) break (%) modulus (MPa) (MJ m™) Healing conditions Healing efficiency (%) Ref.
Aromatic 75.8 852 22 171.4 85°C,1h 71.50% recovery of tensile strength 44
disulfide bonds 31 638.2 — — 25°C,48 h 101.9% recovery of tensile strength 5
4.8 489 — — 75°C,2h 90% recovery of tensile strength 45
70% recovery of elongation at
break
3.37 518 — — 60°C,12 h 91% recovery of tensile strength 46
— 14 000 — — 20 °C, 10 min 86% recovery of tensile strength 12
—-40°C,12h 93% recovery of tensile strength
PH =0 or 14 solution, 88% or 84% recovery of tensile
24 h strength
30% NacCl solution, 89% recovery of tensile strength
-10°C,24 h
Aliphatic >250 240 25.3 — UV 365 nm, 40 °C, 100% recovery of tensile strength 47
disulfide bonds 45 min
61.7 1068 1.76 — RT,3h 96% recovery of tensile strength 48
27.83 261517 +3 — 164.36 RT, 48 h 92.76% recovery of tensile strength 11
25 1463 + 32 — 101.0 £ 0.7 100°C, 2 h 92.4% recovery of tensile strength 49
13 160 — — 200 mW ecm ™, 1 h 90% recovery of shear strength 50
9.67 = 0.89 — 5.04 £ 0.05 — 100 mW cm™2, 24 h 95.4 + 0.9% recovery of Young’s 31
modulus
8.6 +0.6 224.2 £ 2.8 188.5 £ 11.2 16.3£0.2 100 °C, 30 min 96.5% recovery of tensile strength 51
— 812 — — 130°C,1h 100% recovery of tensile strength 52
DA bonds 51.9 930 6.1+0.3 166.7 130°C,1 h and 91.2% recovery of tensile strength 53
65°C, 24 h
18.5 136 151 — 120 °C, 10 min and 94% recovery of tensile strength 6
60°C, 24 h
6 180 340 + 30 — 90°C,1h 100% recovery of tensile strength 54
Imine bonds 41.2 823 — 127.2 Water-enabled, RT, 92.2% recovery of Young’s 55
72h modulus
60°C,2h 93% recovery of Young’s modulus
10.2 51 79 — 80°C,6h 92% recovery of tensile strength 56
2.29 249 — — 24 h 100% recovery of tensile strength 57
and elongation at break
1 1500 — — RT,1h 98.40% recovery of elongation at 58
break
0.4 1670 — — RT, 24 h 95% recovery of tensile strength 59
Water, 24 h 89% recovery of tensile strength
Artificial sweat, 24 h ~ 78% recovery of tensile strength
Boronic ester 2.5 86.6 — 1.8 130°C, 3 h 120% recovery of tensile strength 60
bonds

gen bonds, weak hydrogen bonds, and disulfide bonds play an
important role in the self-healing process (Fig. 3c(ii)) and
induce the main chain hydrophobicity and low T,. This elasto-
mer has excellent self-healing ability under a variety of con-
ditions (as illustrated in Table 1).

DA and hydrogen bonds

Scientists have synthesized macromolecular titin with dense
hydrogen bonds and disulfide bonds formed by thiol groups
between cysteines. The mixed physical crosslinking and
covalent crosslinking network in the structure have synergistic
enhancement effects that can make it elastic and tough.®®
Inspired by the titin structure, Haopu Xie et al. introduced a
double dynamic network to prepare PU, which included the
physical crosslinking of the quadruple hydrogen bonds
formed by the 5-(2-hydroxyethyl)-6-methyl-2-aminouracil
dimers and the covalent crosslinking of the DA bond.? By com-
paring the typical stress-strain curves and the healing
efficiency of the obtained materials (Fig. 4a), it was found that

6508 | Nanoscale, 2023, 15, 6505-6520

when there is only a pure DA network, the covalent cross-
linking bond and the polymer skeleton will break directly after
the extension of the soft segment during the stretching
process due to the absence of an effective energy-consuming
sacrificial bond, resulting in lower fracture strain and poor
toughness. The quadruple hydrogen bond sacrifices energy
consumption for the dual-dynamic network when deformation
occurs during the stretching process before the covalent bond
breaks. A weak temporary quadruple hydrogen bond can be
created by dimerizing the broken UPy motif with additional
broken UPy motifs in the neighboring chain. The polymer
network is more stable when DA covalent crosslinking is
present, and the quadruple hydrogen bond can be more suc-
cessfully rebuilt to boost the material’s toughness. The pro-
duced material has excellent mechanical properties, including
an ultra-high strength of 51.9 MPa, super toughness of 166.7
MJ] m~ and large elongation at break of 930%. The initial
mechanical properties and integrity can also be restored by
the hot pressing process.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a), (i) Schematic illustration of the structure of PIDA elastomers and the distribution of hydrogen bonds with regular and loose phase

regions. (i) Stress—strain curves of virgin and re-spliced PIDA-7.5 with different healing times at 25 °C.° (b) The proposed mechanism for the superior
toughness of DSICE upon stretching.! (c) (i) The stress—strain curve of the notched film and the original film. (i) The synergistic interaction of mul-
tiple dynamic bonds contributes to the universal self-healing capability of the elastomer.'?

This produces a recyclable PU with improved toughness,
elongation at break, and self-healing efficiency when the
double dynamic polymer single network (SN) introduces the
fast exchange of hydrogen bonds and thermally responsive DA
bonds that can rely on the synergistic effect of the dual
dynamic network. However, introducing multiple self-healing
methods into interpenetrated networks (IPN) is also a way to
improve the performance of self-healing materials. An IPN
polymer is a combination of two or more topologically inter-
locked polymer chains that are physically or chemically cross-
linked to produce two or more polymer networks that are inde-
pendent of each other but remain together through network
entanglement.®” Polymers with such networks usually have
better mechanical properties. Using a reversible addition-frag-
mentation chain-transfer polymerization method, Borui Zhang
et al. synthesized a novel self-healing dual-powered IPN
material.” The dynamic hydrogen bond of UPy is found in one
chain of the material network, while the covalent bonds of the
DA adduct and the furan-maleimide dynamic covalent cross-
linking agent are found in the other chain. They designed IPN
and SN materials and compared their properties, as shown in
Fig. 4b. Through the self-healing performance test, it was
found that the self-healing efficiency of IPN material at 90 °C

This journal is © The Royal Society of Chemistry 2023

for one hour was as high as 100%, which was significantly
higher than that of the SN material. This is due to the
increased chain mobility of the IPN material, which causes the
self-healing molecular chain to exchange more rapidly. In
addition, the overall non-bonding covalent interaction is stron-
ger than that of the SN material because the IPN architecture
provides the hydrogen bond network more degrees of freedom.
Therefore, the tensile strength and peak stress of the IPN
materials are better than those of the SN materials, as shown
by the molecular dynamics simulation and tensile test of the
two materials with the same molar density of the cross-linked
material.®®

From the perspective of green sustainable chemistry,
Fengyu Zhao studied a series of PU and polyureas synthesized
from CO,.°°7" Recently, a linear PU-urea DA adduct (PUUa-
DA) was synthesized using CO, and bio-based furfuryl amine
as copolymers without isocyanate.”” The oligourea segment in
the polymer structure provides a strong and ordered hydrogen
bond interaction, while the carbamate group provides a weak
and disordered hydrogen bond interaction, and an appropriate
amount of cross-linked DA group makes it exhibit excellent
mechanical and self-healing properties. PUUa-DA is semi-crys-
talline, with high thermal stability and excellent mechanical

Nanoscale, 2023, 15, 6505-6520 | 6509
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Fig. 4 (a), (i) Typical stress—strain curves of FaUb-PU. (ii) Healing efficiency of breaking strain, stress, and toughness of FaUb-PU.? (b) Crosslinkers
and polymers used in the preparation of RAFT based IPN (i) and SN (ii) materials. Slashes indicate random incorporation of monomers.®

properties (tensile stress is 18.5 MPa, the modulus is 151 MPa,
and elongation at break is 136%), and self-healing efficiency of
94%.

Imine and hydrogen bonds

Exchange reactions more easily form imine bonds under
milder conditions (lower temperature and shorter time) than
other dynamic covalent bonds.*® Moreover, polymers contain-
ing imine bonds have excellent mechanical properties and
recyclable processing capabilities.”>”* However, due to the
strong covalent crosslinking in the polymer structure, they also
need heat for self-healing. The introduction of hydrogen
bonds and imine bonds into PU to produce synergistic inter-
actions can develop flexible or rigid polymers with double
dynamic crosslinking networks that heal at lower temperatures
or in a shorter time.

Zhipeng Yang et al. synthesized a self-healing PDMS elasto-
mer by a one-pot two-step approach of excess aminopropyl-ter-
minated polydimethylsiloxane with isophorone diisocyanate
(IPDI) and terephthalaldehyde. There are strong hydrogen
bonds and reversible dynamic imine bonds formed by ureido
groups in the elastomer structure.”® Hydrogen bonds play the
role of physical crosslinking points, providing excellent stretch-
ability and self-healing ability for elastomers. The imine bonds
can further accelerate the self-healing of the elastomer at RT,

6510 | Nanoscale, 2023, 15, 6505-6520

and the healing efficiency reaches 95% after healing at RT for
24 h. The conjugated structure formed by the benzene ring
and the imine bond helps to maintain the stability of the
Schiff base in water and weak acid solutions. Therefore, the
healing efficiency of the elastomer also reached 89% and 78%
in water and artificial sweat, respectively. Peixuan Wu et al.
synthesized a CO,-based poly(urea-imine) thermosetting
material that combines intermolecular hydrogen bonds and
reversible dynamic imine bonds. As shown in Fig. 5a, they con-
firmed the existence of intermolecular hydrogen bonds and
their reversibility with the increase and decrease of tempera-
ture by temperature-dependent FTIR, and small-molecule
model reactions confirmed the kinetic properties of imine
bonds with temperature.”® Thermosetting materials with tri(2-
aminoethyl)amine and CO,-sourced oligourea adjusted to an
appropriate ratio can self-heal at 80 °C with an efficiency of
more than 92%.

When the UPy dimer was added to the PU that contained
imine bonds, the energy was released during stretching by
reversible hydrogen bond cleavage, but the relatively strong
imine bonds (covalent bonds) maintained the network’s integ-
rity. It can further improve the material’s mechanical pro-
perties by combining UPy units and imine-based elastomers.
Xingyi Dai et al. prepared a self-healing triboelectric nanogen-
erator based on an imine bond and UPy unit by using the heat

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Mass spectrum of the product of the model imine-based reaction of AA and BB to AB at 80 °C in DMF. *¢ (b) (i) Schematic diagrams of
water-assisted self-healing mechanism of PDMS-MDI,-TFB;_, elastomer film and illustration of reversible imine bonds and dynamic hydrogen bonds
dissociation—association with water molecules upon underwater healing process. (ii) Stress—strain curves and the inset displays optical microscope
image of the PDMS-MDIg 4-TFBg ¢ film underwater healing within different time at RT.”> (c) Corrosion images of carbon steel sheets coated with
PDMS-U (A) and PDMS-UI-2 (B) immersed in 3.5% NaCl solution for 0, 24 and 240 h.>®

converted by human infrared radiation. The healing efficiency
can reach 100% after 24 h at RT.>” In order to achieve the inte-
gration of the fracture surface, the active amino and aldehyde
groups produced at the fracture interface can reform imine
bonds and accompany imine exchange. In addition, the self-
healing process can be accomplished by reforming UPy dimers
through dissociated hydrogen-bonding.

The synthesis of water-induced self-healing polymers by
combining imine bonds with hydrogen bonds is a promising
self-healing process that can improve its instability and sensi-
tivity. Cyuan-Lun He et al. proposed a new concept of a water-
assisted RT self-healing mechanism based on synergistically
dynamic covalent Schiff-base imine bonds with hydrogen
bonds. The underwater healing process is shown in Fig. 5b
(i).”> They used soft triformaldehyde benzene (TFB) units to
conduct weak, covalent, and reversible Schiff base reactions
involving imine metathesis so that strain energy can effectively
diffuse along cracks. The hard methylene diphenyl diisocya-
nate (MDI) unit creates a crosslinked network through urea-
based strong intermolecular hydrogen bonds to maintain the

This journal is © The Royal Society of Chemistry 2023

elastomer’s robustness and elastic stability. The polymeric
network is stabilized by polydimethyl siloxane (PDMS) to
balance hydrophobicity and hydrophilicity, thereby preventing
external degradation. The resulting water-assisted polymer has
a healing efficiency after damage of 95% in 1 h under water
(Fig. 5b(ii)). After underwater healing, the tensile properties
reached 9050%, and the toughness recovered to 144.2 MJ m™>,
which was several times higher than the material without
water-assisted healing. The transparent polyurea material syn-
thesized by Zhen Shi et al. can also heal by water at RT, and
the tensile strength reaches 41.2 MPa.>®> At the same time, it
has a large fracture strain of 823.0% and a super toughness of
127.2 MJ m~>. They also explored the effects of hydrogen
bonds with different densities and strengths (provided by
different isocyanates), and imine bonds in the material on
mechanical properties. It was concluded that the proper
increase in the density of hydrogen bonds in the material sig-
nificantly improves the tensile strength of PU. However, too
many internal hydrogen bonds will lead to too dense cross-
linking, resulting in a decrease in tensile properties. The

Nanoscale, 2023, 15, 6505-6520 | 6511
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higher the proportion of quadruple hydrogen bonds in the
material, the greater the rigid domain of the material, the
higher the tensile strength and the lower the elongation at
break. When the ratio of quadruple hydrogen bonds to double
hydrogen bonds is 1: 1, the material has the maximum tough-
ness. The introduction of dynamic imine covalent bonds
greatly improved the mechanical strength, Young’s modulus,
and toughness of the material without necessarily sacrificing
the material’s tensile properties. In addition, an elastomer
containing an imine bond and urea group was synthesized by
Guangmeng Chen et al.’® The urea group that is easy to form
hydrogen bonds is responsible for enhancing the mechanical
strength of the polymer, and the imine group is responsible
for self-healing performance at RT. The self-healing efficiency
is 100% at 25 °C and it has excellent protection against the
corrosion of carbon steel in 3.5% NaCl (Fig. 5c), which can be
used as a protective coating in the marine environment.

Boronic ester and hydrogen bonds

Hydroxyl-terminated polybutadiene (HTPB) can replace poly-
ether or polyester to react with isocyanate to synthesize PU
with excellent properties such as low surface energy, low-temp-
erature flexibility, high electrical insulation performance, high
viscoelasticity, and high toughness and hydrolysis stability.”®
However, HTPB-based PU has poor stability in air due to the
presence of double bonds, and suffers from the common
problem of thermosetting plastics being difficult to recycle. In
order to solve this problem, researchers have developed HTPB-
based PU vitrimers with disulfide bonds.”” Subsequently,
Yanning Zeng’s research group synthesized a rigid vitrimer

View Article Online
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monomer derived from rosin and synthesized 2,2'-(1,4-pheny-
lene)-bis[4-mercaptan-1,3,2-dioxaborolane] (BDB).”® It was
found that recyclable HTPB-based PU could be synthesized by
introducing the crosslinking agent BDB and dynamic boronic
ester to form a network because HTPB can undergo thiol-ene
“click” reaction and addition reaction between HTPB and BDB
and isocyanates (HDI).®® The double bond in HTPB reacts with
the -SH group in BDB to form a highly stable network. The
material can self-heal at 130 °C 3 h due to the dioxoborane
metathesis reaction of the network’s boronic ester bond and
the network topology reconstruction caused by the hydrogen
bond force.

4. Dynamic covalent bonding and
metal coordination bonding

The metal coordination bond is a special non-covalent bond
formed between metal ions and organic ligands with a bond
energy of 50-200 kJ mol~, which can be used as an attractive
crosslinking agent in supramolecular chemistry. Metal coordi-
nation bonds have the following advantages in developing
supramolecular self-healing polymers: the formation of metal
coordination bonds is spontaneous, and the bond energy is
highly adjustable. Combining thermodynamic stability and
kinetic variability to adjust the type of metal ions or ligands
can afford different bonding strengths and functionality.”® The
reversible reaction process is shown in Fig. 6a. The weaker
bond is conducive to energy dissipation during stretching and
self-healing during damage, while the intense metal ions
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Fig. 6 (a) The process of reversible reaction of metal ion coordination bonds. (b) (i) Comparison of the mechanical properties between virgin and
full-cut PU-0.5TDPA/0.5DAP samples at different self-healing times. (i) Typical strain—stress curves of pure PU-0.5TDPA/0.5DAP.* (c) Normalized
stress relaxation curves of Cu-DMG-SS (i) and DMG-SS (i) at various temperatures and Linear fitting of the relaxation activation energy.'® (d)

Formation mechanism of the RILNs from PU-DOPA-Fe** and EP-Schiff.1®
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remain near the ligand through stronger interactions, acceler-
ating the re-formation of the bond.®° The common metal ions
and ligands in PU include Fe**, zn*>*, Cu®*" and catechol, car-
boxylic acid, pyridine, and imidazole. The coordination bond
can enhance the intermolecular force and act as a sacrificial
bond because the material’s crosslinking density and energy
dissipation during the stretching process increase.®’®> When
subjected to an external force, the coordination bond will dis-
sociate and recombine faster to dissipate energy, increasing
the mechanical strength and tensile strain.

Disulfide and metal coordination bonds

PU materials with a combination of disulfide and metal
coordination bonds experience disulfide exchange and the
interactions of metal ions and ligands in the process of self-
healing. By increasing the proportion of metal coordination
bonds, the material’s cross-linking can be improved, which
usually benefits the material’s mechanical properties. The
mechanical properties and self-healing ability of PU materials
combined with disulfide bonds and metal coordination bonds
are shown in Table 2.

Xing Zhou prepared a self-healing PU elastomer using 3,3'"-
dithiodipropionic acid (TDPA) and iron ion-2,6-diaminopyri-
dine (DAP) as dynamic chain extenders and ionic ligands,
respectively. When the molar ratio of TDPA to DAP was
0.5:0.5, it could heal at 70 °C for 12 h, and the self-healing
efficiency reached 93.48%. By testing the mechanical pro-
perties of the elastomers with different molar ratios of TDPA
and DAP before and after self-healing, they proved that the
presence of metal coordination bonds provided crosslinking
for the polymer and improved the hardness of the material. By
comparing the typical stress-strain curves of pure Pu-0.5TDPA/
0.5DAP without FeCl; and Pu-0.5TDPA/0.5DAP with FeCl;
before and after healing (Fig. 6b), it was found that the high
content of the metal ligand coordination bond will lead to the
increase in the crosslinking degree of the polymer, which
improves the hardness of the material and reduces the overall
self-healing efficiency. However, it is still more efficient than
the material with only disulfide exchange. Then, a self-healing
conductive elastomer with uniform conductivity was obtained
by doping a certain amount of conductive graphene based on
the PU-TDPA/DAP-Fe elastomer to construct a flexible sensor
with sensitive and repeatable corresponding tensile and com-
pressive strain.
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Yu-han Li et al. developed a method to simultaneously
improve the toughness and self-healing ability by adjusting
the hard segment aggregation state and coordination bond.??
They incorporated aliphatic diamine-based disulfide bonds
and diamine-based pyridine derivatives into the poly(urethane-
urea) backbone to free some disulfide bonds from the hard
phase, which facilitated the exchange of disulfide bonds. The
coordination bond with Zn** as the coordination center not
only provides self-healing ability, but also acts as a dynamic
cross-linking joint to constrain mutual chain dislocation. This
can improve the fracture elongation and tensile stress while
having excellent self-healing ability.

In addition to forming coordination bonds to improve the
self-healing efficiency, some metal ions may also play a cata-
Iytic role in the structure to accelerate covalent bond exchange.
Minhui Wang et al. prepared PU elastomers with various
reversible interactions, such as disulfide bonds, oxime carba-
mate bonds, hydrogen bonds, and coordination, that use IPDI
as the hard segment, polytetramethylene ether glycol (PTMEG)
as the soft segment, tri-HDI as the crosslinking agent, HEDS
and dimethylglyoxime (DMG) as the chain extenders, and the
solution of CuCl,, instead of the typical dibutyltin dilaurate, as
a catalyst.'® Importantly, Cu®>" can be used not only as a coordi-
nation center but also as a catalyst to accelerate disulfide
exchange and oxime carbamate exchange reactions. The
dynam