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Abstract Elastomers with outstanding strength, toughness and healing efficiency are highly promising for many emerging fields. However, it is
still a challenge to integrate all these beneficial features in one elastomer. Herein, an asymmetric alicyclic structure adjacent to aromatic disulfide
was tactfully introduced into the backbone of polyurethane (PU) elastomer. Specifically, such elastomer (PU-HPS) was fabricated by
polycondensing polytetramethylene ether glycol (PTMEG), isophorone diisocyanate (IPDI) and p-hydroxydiphenyl disulfide (HPS) via one-pot
method. The molecular mobility and phase morphology of PU-HPS can be tuned by adjusting the HPS content. Consequently, the dynamic
exchange of hydrogen and disulfide bonds in the hard segment domains can also be tailored. The optimized sample manifests outstanding
tensile strength (46.4 MPa), high toughness (109.1 MJ/m?3), high self-healing efficiency after fracture (90.3%), complete scratch recovery (100%)
and good puncture resistance. Therefore, this work provides a facile strategy for developing robust self-healing polymers.
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INTRODUCTION

Self-healing polymers are appealing in emerging fields because
they are able to repair physical damages and/or functions,
which significantly improve the service lifespan and maintain
convenience.'3! Therefore, self-healing polymers meet the
criteria of sustainable development. Although microcapsules
or vascular networks have been used to fabricate repairable
elastomers, these materials show fatal disadvantages of limited
healing cycles, complicated preparation and deteriorated mec-
hanical properties.*~® Currently, attentions have been shifted
to develop intrinsic pathways through reversible covalent
bonds’~*! or noncovalent interactions due to their excellent
reversibility and sensitive responsiveness to environmental sti-
muli. There are some examples including disulfide bonds,'%-'3!
boron ester bonds,'¥ hydrogen bonds,'>~2% ionic bonds,?>-%"!
coordination bonds,?8=3% 71-7 stacking interactions?" and host-
guest interactions.?? However, simply utilizing these dynamic
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bonds to achieve high self-healing efficiency without consi-
deration of mechanical properties and repair conditions can
hardly produce materials with practical industrial value.

To address this crucial issue, several intelligent tactics have
been proposed to prepare robust self-healing elastom-
ers.[933-36] Polyurethane (PU) is a particularly attractive elast-
omer due to its versatile chemistry and easiness of molecular
design by selecting and adjusting different soft and hard seg-
ments. To improve the mechanical properties of self-healing
PU, tactics such as sacrificial networks,[1637.381 dynamic hard
domainB9 and phase locking*? are developed. For example,
Wu et al. embeded sacrificial networks into PU. The character-
istic sequential breakage of the different sacrificial networks
occurs during deformation, leading to simultaneously en-
hanced tensile strength (6.81 MPa) and toughness
(63.7 MJ/m3). Meanwhile, the existence of sacrificial bonds
endows the material with self-healing ability (90%).37!
Wang et al. introduced dynamic hard domain into PU. The
dynamic hard domain was featured by low binding energy
and sequential dissociation with fast rearrangement, result-
ing in a tensile strength of 5 MPa, toughness of 65.49 MJ/m3
and good self-repairability.39 The dynamic hierarchical
hard domains designed by Sun et al. endows PU with an out-
standing strength (52.4 MPa) and a world-record toughness
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(363.8 MJ/m3), whilst without compromising the self-healing
efficiency.l39 Lai et al. developed a phase locking strategy to
introduce dynamic covalent bonds into hard segments,
which has a stimulation response temperature (correspond-
ing to the glass transition temperature (T4 of hard phase).
The dynamic covalent bonds are locked when the temperat-
ure is below the Ty of hard phase, leading to high mechan-
ical properties; when the temperature exceeds Ty of the
hard phase, the dynamic covalent bonds are activated and
distributed in a specific phase region, resulting in rapid
scratch self-repairing.*9 Despite the significant progresses,
these PU elastomers usually involve multi-step synthesis and
high healing temperature. Therefore, a one-pot method was
proposed to facilely synthesize PU elastomer with moderate
healing conditions.# The one-pot method is the reaction in
which the mixture of polydiol and diol reacts with diisocy-
anate in one step. Since diols are small molecules, their react-
ivity with diisocyanate is much higher than those of polydiols.
As a result, long hard segments are firstly formed in the one-
pot samples.[“2 Nevertheless, the molar amount of diisocy-
anate is excessive, and numerous hard segments with isocy-
anate as the two terminals can directly react with polydiol
and formed short hard segments.* Such a combination of
both long and short segments can realize highly efficient
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healing and high strength. Therefore, it is valuable to further
explore this facile and viable strategy to access high-perform-
ance self-healing elastomers.

Herein, by utilizing the one-pot method, we elaborately de-
signed and successfully fabricated a series of self-healing PU
elastomers with an asymmetric alicyclic structure adjacent to
aromatic disulfide. Specifically, the target elastomer (PU-HPS)
was obtained by polycondensation of polytetramethylene
ether glycol (PTMEG), isophorone diisocyanate (IPDI) and p-
hydroxydiphenyl disulfide (HPS) monomers, as shown in
Scheme 1. The molecular mobility and phase morphology of
PU-HPS can be tuned by adjusting HPS content, resulting in
the optimal exchange efficiency for dynamic hydrogen and
disulfide bonds. The optimized sample manifests outstand-
ing tensile strength (46.4 MPa), high toughness (109.1 MJ/m3),
high self-healing efficiency of fractured samples (90.3%), com-
plete scratch recovery (100%) and good puncture resistance.
Such a combination of comprehensive properties is advant-
ageous for the practical application of self-healing PU.

EXPERIMENTAL

Materials
Poly(tetramethylene ether glycol) (PTMEG, M,=2000 g/mol)

n

One-step synthesis

=0
Il

Molecular design of the target elastomer (PU-HPS). (a) Synthesis route and (b) chemical structure of the PU-HPS; (c) Ideal
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was purchased from Aladdin Chemical Reagent Co., Ltd., and
was vacuum drying at 120 °C for 2 h to remove moisture before
use. Other reagents were without further purification before
use. Isophorone diisocyanate (IPDI, 99%), dibutyltin dilaurate
(DBTDL, 95%), anhydrous tetrahydrofuran (THF, 99.5%), and P-
hydroxydiphenyl disulfide (HPS, 98%) were purchased from
Adamas (China). Dimethyl formamide (DMF, analytical grade)
and chloroform (CHCI;, analytical grade) were purchased from
Chengdu Lingyun Chemical Reagent Co., Ltd., China.

Synthesis of Resultant PU-HPS

A typical one-pot polymerization procedure for the target
PU-HPS is illustrated in Scheme 1(a), and the contents and
components information are summarized in Table S1 (in the
electronic supplementary information, ESI). Taking PU-HPS-1 as
an example, fresh PTMEG (8 g) was poured into a dried three-
neck reactor equipped with a magnetic stirrer under N,
atmosphere, followed by adding IPDI (2.22 g), DBTDL (0.2 mL),
HPS (0.076 g) and THF (30 mL). Then, the whole system was
heated at 70 °C for 8 h to obtain the complete polymerization. In
the end, the product solution was precipitated into excess
distilled water and washed for several times, followed by drying
in a vacuum at 60 °C for 24 h to constant weight. The wt% ratios
of [PTMEG]/[HPS] were varied by 105.3/1 (PU-HPS-1), 32/1 (PU-
HPS-2), 21.05/1 (PU-HPS-3), 16/1 (PU-HPS-4) and 10.7/1 (PU-HPS-
5) for target elastomers with different disulfide contents.

Preparation of Resultant PU-HPS Film

As-prepared constant weight product (PU-HPS) was dissolved
by dioxane in beaker and loaded into a square Teflon mold with
the dimensions of 100 mm x 100 mm x 10 mm. The mold was
gradually dried under room temperature over 24 h, followed by
heating at 60 °C for another 12 h. The residual solvent was
removed by vacuum drying at 60 °C for 24 h. A resulting thin
film (thickness 0.8 mm) without any bubble could be obtained
in this way.

Characterization

FTIR spectra was collected using Thermo Nicolet-is50 FTIR
spectrometer fitted with a diamond ATR crystal at room
temperature. Temperature-dependent FTIR spectra were re-
corded in the temperature ranging from 30 °C to 120 °C with a
heating rate of 10 °C/min. Raman spectra (DXR, Thermo Fisher
Scientific, USA) were performed to confirm characteristic
peaks with DXR laser (532 nm). The molecular weight was
determined by gel permeation chromatography (GPC), using
THF as the eluent. X-ray Diffraction (XRD) analysis was
conducted on a PhilipsX'Pert PRO diffractometer (Holland)
with Cu Ka radiation (A=0.154 nm) at room temperature. Atomic
force microscopy (AFM) observation was performed on an AIST
controller (Association for Iron & Steel Technology Co., Ltd.) in
the tapping mode, the test samples were dissolved in THF and
dropped on the silicon wafer, and tested directly after solvent
volatilization. Dynamic mechanical thermal analysis (DMA, TA
Instruments Q800) was performed in tensile mode at a heating
and cooling rate of 3 °C/min from —100 °C to 80 °C in a liquid N,
atmosphere with a frequency of 1 Hz. The stress relaxation
mode was performed at different temperatures. Thermogravi-
metric analysis (TG, 209F1) was performed on a thermo-analyzer
instrument from 30 °C to 800 °C under N, atmosphere with a
heating rate of 10 °C/min. Differential scanning calorimeter

(DSC, TA Instruments Q200) test was performed to determine
the glass transition temperature (Tg) with a rate of 10 °C/min
from —70 °C to 100 °C under N, atmosphere. The mechanical
properties were measured with a universal testing machine
(USA, Instron Instruments, model: 5967), and the tensile speed
of 100 mm/min. Each sample was tested for three times. Cyclic
tensile test was also performed by conducting successive
loaded-unloaded cycles with a maximum strain of 500%. The
self-healing test was performed: the dumbbell spline with
0.7 mm thick was cut into two parts by means of fresh blade,
immediately spliced together to explore the healing behavior
at different time and temperatures. The scratch recovery was
observed by an optical microscope (DM4P/Leica, Germany)
equipped with a hot stage at different time.

RESULTS AND DISCUSSION

Characterization of Resultant Polymer

The preparation of the target polymer (PU-HPS) containing
aromatic disulfide is shown in Scheme 1. The NMR spectra of
resultant linear polymers are shown in Fig. S1 (in ESI). ATR-FTIR
was employed to record the reaction degree of all synthetic
polymers as shown in Fig. 1(a). ATR-FTIR spetra of all of polymers
feature negligible bands at 2258 and 3458 cm™', corresponding
to the stretching vibrations of the N=C=O0 and O—H,
respectively.3! This suggests that the isocyanate and hydroxyl
groups are fully converted to urethane bonds. Meanwhile, some
new characteristic absorption bands are observed. The bands at
3332 and 1546 cm™' should be attributed to the stretching and
bending vibration of N—H, and 1704 cm™' should be ascribed
to the C=0 stretching vibration.*® The appearance of these
characteristic absorption bands indicates the formation of
carbamate groups. Moreover, the strong band at 1102 cm™ is
ascribed to the stretching vibration of C—O—C groups in
PTMEG chains.* S—S and aromatic C—S single bonds show
weak signals on the FTIR spectra but can be easily recognized
on the Raman spectra. As shown in Fig. 1(b), the absorption
bands at 480 and 1100 cm™' are assigned to the stretching
vibrations of the S—S and aromatic C—S bonds, respectiv-
ely'3* Therefore, Raman spectra prove that the disulfide
bonds are successfully introduced into the polymers.

To prove the existence of hydrogen bonding interactions,
temperature-dependent FTIR measurment was performed. As
shown in Fig. 1(c), the bands at 1704 and 1546 cm~' decreas-
ing at elevated temperatures are assigned to the stretching
and bending vibration of hydrogen bonded C=0 and N—H
of urethane groups, respectively. In sharp contrast, the band
intensity at 1730 (free C=0 groups) and 1525 cm~! (free
—NH— groups) increases.['8 Moreover, the intensity at 3332
cm~' (H—bonded N—H) also decreases remarkably, as shown
in Fig S2 (in ESI). The results confirm that the hydrogen bonds
can dissociate under heating conditions. The presence of hy-
drogen bonding networks was also demonstrated by con-
ducting solubility experiments. Simply, the PU-HPS-2 films
were added into a nonpolar solvent (CHCl;) and a polar
solvent (DMF), respectively. The films are fully dissolved in
DMF and CHCl;, demonstrating the absence of chemical
cross-links and the recyclability by solvent, as shown in
Fig. 1(d). It is noteworthy that the DMF solution shows good
fluidity, which is caused by the dissociation of hydrogen
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Fig. 1 Structure analysis of the obtained elastomers: (a) ATR-FTIR spectra of PU-HPS; (b) Roman spectra of PU-HPS: the v(S—S) band

around 480 cm™" and the v(C—S) band at 1100 cm™" are marked; (c) The temperature-dependent FTIR spectra at 1800—1500 cm™" of PU-
HPS-2 upon heating from 30 °C to 120 °C; (d) Images of PU-HPS-2 solution in DMF and CHCls, as well as the corresponding inverted-vial
states (concentration is 0.1 g/mL); (e) DSC curves of PU-HPS; (f) XRD patterns of PU-HPS. (The online version is colorful.)

bonds between carbamate groups in the polar solvent. In
comparison to the DMF solution, the CHCl; solution is diffi-
cult to flow, suggesting the preservation of hydrogen bond-
ing networks, which is similar to supramolecular gel.! Col-
lectively, these results demonstrate the existence of a dynam-
ic but reliable hydrogen bonding network in the as-prepared
elastomer.

Thermal Property and Micro-morphology

From the perspective of the molecular design in current system,
the thermomechanical behaviors of the resultant PU-HPS play a
vital role in determining their mechanical properties. Fig. 1(e)
shows the DSC curves of PU-HPS, and the relevant thermal
parameters and their corresponding values are summarized in
Table S2 (in ESI). It has been reported that aromatic disulfide has
a fast exchange rate at room temperature and even at low
temperatures.'2! Therefore, the T value of the soft segments
(Tyw) decreases with increasing HPS content. For instance, PU-
HPS-5 with [PTMEG)/[HPS]=10.7/1 shows Ty of -56.62 °C,
which is much lower than —44.42 °C of PU-HPS-1 with [PTMEG]/
[HPS]=105.3/1. This phenomenon suggests that the addition of
HPS increases the molecular mobility of PU-HPS. Notably, it can
be found that all the Ty, values of the polymers with different
HPS compositions are below the room temperature, suggesting
that these polymers are classical elastomers rather than plastics
at room temperature. It should be noted that neither exothe-
rmic nor endothermic peaks are observed on the DSC curves for
temperature ranging from —70 °C to 80 °C, indicating noncry-
stallinity of the elastomers. Meanwhile, the amorphous structure
was further verified by X-ray diffraction (XRD) (Fig. 1f). The
noncrystalline characteristic is beneficial for achieving high

healing efficiency.*”!

It is well-known that because of the thermodynamic in-
compatibility, the soft and hard segments microphase-
separate into soft and hard phases, respectively.l363839 The
microphase-separated structure of PU-HPS was observed
directly by atomic force microscope (AFM). As shown in
Figs. 2(a)—2(e), the AFM images reveal two phases of the soft
segments (PTMEG, dark areas) and hard segments (hydrogen
bonded aggregates, bright areas). Fig. 2(f) shows a three-di-
mensional (3D) image of PU-HPS-2. The dark continuous do-
mains in the “trough” represent the PTMEG soft segments,
and the lighter dispersed protruding domains with higher
surface energy correspond to the hard segments. With the in-
creasing HPS content, the hard domains become sparser and
bigger. Specifically, the size of the hard domains increases
from 39.5 nm of PU-HPS-1 to 135.2 nm of PU-HPS-5 and the
values are summarized in Table S3 (in ESI). Thus, the micro-
phase morphology can be tuned by adjusting the content of
HPS, thereby tuning the mechanical and self-healing proper-
ties.

Chain Mobility and Dynamic Viscoelastic Properties

To investigate the effect of HPS on the chain mobility of the PU-
HPS, the polymers were investigated by DMA in the tensile
mode. The storage modulus (E') and loss factor (tand) as a
function of temperature were plotted in Fig. 3(a). Evidently, the
E'and tan 6 profiles of the polymers feature two transitions. The
transition around -46.57 °C (Tyq) is assigned to the glass
transition region of soft segments, while the one around
1492 °C (Tyy) is the transition of hard segments. The
introduction of HPS leads to two evident changes on the
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Fig. 2 Atomic force microscopy (AFM) phase images of the resultant PU-HPS: (a) PU-HPS-1, (b) PU-HPS-2, (c) PU-HPS-3, (d) PU-HPS-4

and (e) PU-HPS-5. (f) Three-dimensional (3D) image of PU-HPS-2.

dynamic mechanical spectra. One change is that the E'in the
whole tested temperature range decreases with increasing HPS
content, the other is that both Ty and Ty, decrease with
increasing HPS content. These changes collectively indicate that
the introduction of exchangeable disulfide bonds enhances
the molecular mobility and deteriorates the stiffness of the PU-
HPS, which is conducive to the self-healing performance.
Furthermore, for PU-HPS-4 and PU-HPS-5, the absence of a
constant plateau of E'above T, indicates that the relaxation of
the whole chains takes place due to the exchange of disulfide
bonds and the dissociation of hydrogen bonds at elevated
temperatures. Such relaxation of the whole chains can also
promote the self-healing process.

The time- and temperature-dependent stress relaxation be-
haviors of PU-HPS were performed to further investigate the
chain mobility and dynamic viscoelastic properties. A 10%
strain was used, and the relaxation stress was monitored as a
function of time at 60 °C. The normalized stress relaxation
curves of all of polymers are shown in Fig. 3(b). The gradual
decrease of normalized relaxation stress indicate that the PU-
HPS can relax stress within an extended time due to the dy-
namic exchange of hydrogen and disulfide bonds. The relaxa-
tion time (1), which directly reflects the segmental motions
and rearrangements of polymers chains, can be considered as
the time required for modulus or stress to relax to 36.79%
(1/e) of their initial state.l'%37] The T value decreases with HPS
content increasing, indicating that the disulfide bonds can
promote exchange rate of hydrogen and disulfide bonds in-
creases. To investigate the effect of temperature on the relax-
ation dynamics, the normalized stress relaxation curves of all

of polymers at different temperatures are presented in
Fig. 3(c) and Fig. S3 (in ESI). The stress relaxation becomes
faster with increasing temperature. The relaxation time of
all polymers is plotted as a function of temperature, as shown
in Fig. 3(d). The temperature dependence of the relaxation
time can be fitted by the Arrhenius Eq. (1):1"6!

E.
InT=InTy + R_?f (1)

where E, is activation energy, R and T is gas constant and
absolute temperature, respectively. As the disulfide content
increases, E, decreases from 89.2 kJ/mol (PU-HPS-1) to 26.6
kJ/mol (PU-HPS-5). Structurally, the higher the HPS content,
the more rapid network rearrangement rate of dynamic
networks, which increases the chance of the dynamic bonds to
undergo effective collision among the polymer chains, thus
achieving lower energy for the exchange reaction. Notably, E,
(81.5 kJ/mol) of the optimized PU-HPS-2 is lower than those of
other reported PU systems,' indicating that the exchange
reactions have lower energy barrier. Such a low energy barrier is
beneficial to the recyclability and self-healing of the PU-HPS.

Mechanical Properties

The typical stress-strain curves of PU-HPS are shown in Fig. 4(a),
and the corresponding mechanical performances are tabulated
in Fig. 4(b) and Table S4 (in ESI). The elastomers exhibit superior
mechanical properties after introducing hydrogen and disulfide
bonds to form dynamic adaptable networks. For instance, a
sample is able to lift two heavy object (1.5 kg) whose weight is
more than 15000 times of its own weight (Fig. 4i). We can tune
the overall mechanical properties of PU-HPS by adjusting the
content of HPS. The tensile strength of the elastomers incre-
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ases from 6.2 MPa to 46.4 MPa as the HPS content decreases
from (0.003 mol, 0.75 g) to (0.0003 mol, 0.08 g). However, the
increase of tensile strength is accompanied by a decrease in
the strain at break (from 1567% to 655%) and an increase of
fracture toughness (from 29.3 MJ/m3 to 109.1 MJ/m?3). Such a
phenomenon is closely related to the chain mobility and phase
morphology of PU-HPS. At low HPS contents, the chain mobility
is slower, and the hard domains are smaller but denser, which
impedes the slippage of the polymer chains and improves the
mechanical strength. Therefore, the optimized PU-HPS-2 mani-
fests outstanding tensile strength (46.4 MPa) and toughness
(109.1 MJ/m3). Such mechanical properties are superior to most
existing self-healing elastomers and comparable to few
strongest self-healing elastomers,2435-37.394148-52] 5q j||ystrated
in Fig. 4(c). To reveal the energy dissipation caused by the
dynamic nature of the hydrogen and disulfide bonds, wise-step
cyclic tensile tests were performed for the PU-HPS, as shown in
Fig. 4(d) and Fig. S4 (in ESI). We calculated the integrated area of
the hysteresis loop to quantify the energy dissipation. The
hysteresis areas are plotted as a function of the strain in Fig. 4(e).
The hysteresis areas are small when the strain is lower than
150%, meaning that the elastomers mainly undergo elastic
deformation with the rupture of a small amount of hydrogen

and disulfide bonds. The rapid increase of the hysteresis areas
with strain indicates that force-induced rupture of hydrogen
and disulfide bonds serving as sacrificial bonds contributes to
effective energy dissipation.

Generally, the mechanical properties of the elastomer with
dynamic bonds are highly dependent on the straining rate.
Thus, we performed the tensile tests at various stretching
speeds in the range of 10-250 mm/min. Taking PU-HPS-2 as
an example, Fig. S5 (in ESI) manifests a unique strain-rate re-
sponsive behavior. The tensile strength strikingly increases
with increasing strain rate, and meanwhile the Young’s mod-
ulus obtained from the initial linear region of the stress-strain
curves increases from 9.99 MPa to 13.96 MPa. Such a result
demonstrates that the PU-HPS possesses a self-stiffening abil-
ity with increasing strain rate,['653] due to the dynamic char-
acteristic originated from hydrogen and disulfide bonds. In-
terestingly, the mechanical properties of the PU-HPS are also
easily influenced by temperature. Increasing the testing tem-
perature leads to a sharp decrease of tensile strength and an
increase of strain at break, as shown in Fig. 4(f). This is be-
cause increasing the testing temperature can simultaneously
weaken the hydrogen bonding interactions and improve
the exchange rate of disulfide bonds, thereby facilitating the
unfolding and sliding of the molecular chains. Hence, the
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(d) Cyclic tensile curves of PU-HPS-2 in successive loaded-unloaded cycles with increasing strains but no relaxing time; (e) Corresponding
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HPS-2 by pressing the film against the scissors; (i) Two object (1.5 kg) lifted by a film of PU-HPS-2 (0.12 g). (The online version is colorful.)

mechanical properties of the PU-HPS are temperature-de-
pendent, which is similar to those of other reported supra-
molecular networks.3!

To test the fracture energy, a notch of 1 mm in length was
made in a rectangular PU-HPS-2 sample of about 0.7 mm in
thickness and 5 mm in width, the fracture energy was calcu-
lated by Greensmith method,['”] and the specific calculation
formula was defined as Eq. (2):

_6WC

Ge =
e

)

where Cis the notch length; W is the strain energy calculated by
integration of the stress-strain curve of an un-notched sample
until Ag the un-notched sample undergoes a tension process
with the same strain rate as the notched sample. As shown in
Fig. 4(g) and Fig. S6 (in ESI), the images demonstrate its extraor-
dinary notch-insensitive feature as the notch is not about to
propagate even at ~540%, and the fracture energy achieves as
high as 62.32 kJ/m?, which outperforms many reported self-
healable materials (Fig. S7 in ESI).'7404654-561 Tg prove the ability
of PU-HPS to avoid breakage by a sharp object, a puncture test
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of PU-HPS-2 was performed with scissors to simulate the
accidental damage that may occur in daily life. As shown in
Fig. 4(h), PU-HPS-2 shows good puncture resistance property.

Self-healing/Recovery Properties

A self-healable ability is key in prolonging the lifetime of
materials. In the present work, the dynamic nature of the
hydrogen and disulfide bonds, and the good mobility of the
soft PTMEG segments can provide PU-HPS with admirable self-
healing ability. To reveal this feature, qualitative and quantit-
ative evaluates were performed by optical microscopy and
tensile tests, respectively. To qualitatively evaluate the self-
healing ability from microscopic scale, we prepared a scratch on
a sample film and characterized the evolution of the scratch by
means of optical microscope. Fig. 5 depicts the optical micros-
cope images of the scratched PU-HPS-2 film showing a gradual
disappearance of the scratch after different healing time at
different temperatures. As shown in Figs. 5(a)—5(h), the scratch
on the film almost completely disappears after staying at 25 °C
for 110 min, indicating an excellent self-healing ability of the
PU-HPS. This suggests the hydrogen and disulfide bonds could
rapidly exchange between the interfaces at this temperature.
When the temperature is further elevated up to 60 °C, the
scratch on the film disappears completely within 5 min,
indicating the prominent self-healing ability with 100% scratch
recovery.

The tensile tests of the PU-HPS before being damaged and
after healing were performed to quantitatively evaluate self-
healing properties. Typically, the dumbbell-shaped film was
cut into two completely separated parts using a fresh razor
blade, and then two parts were gently pressed for 30 s and
put into an oven at different temperatures for different time.
As shown in Fig. 6(a), the reconnected cut dumbbell-shaped
sample (0.1 g) can lift a 300 g load after healing 2 h at 60 °C,
demonstrating its excellent self-healable behavior. Fig. 6(b)
shows the stress-strain curves for the healed PU-HPS-2 after
different healing time at different healing temperatures. The
self-healing efficiency is quantified by the ratio of the fracture
strength of the healed to that of the pristine one. As shown in
Fig. 6(b), after being healed at 25 °C for 12 h, the healing effi-
ciency is only 13.3%. In sharp contrast, the healing efficiency
further increases to 42.7% and 90.3% after being healed at
60 °C for 12 and 24 h, respectively. Apparently, increasing the
healing temperature or proceeding the healing time has pos-
itive effects on the promotion of healing efficiency. On one
hand, elevated temperature increases the exchange rate of
the hydrogen and disulfide bonds and enhances the chain
mobility of polymeric chains; on the other hand, prolonging
the time allows full chain diffusion across the section inter-
faces.['] Both factors can improve the self-healing efficiency
to 90.3% after 24 h at 60 °C, which is comparable to those of
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common reported self-healing elastomers,['7:2357-621 3s jllus-
trated in Fig. 6(d).

Furthermore, elastomers in practical use require fast recov-
ery to its mechanical properties after a loading process. Thus,
cycle loaded-unloaded test was applied to investigate the
self-recovery properties of the PU-HPS. All the polymers were
successively loaded-unloaded at a strain of 500% for three
continuous cycles (Fig. 6e and Fig. S8 in ESI). After complet-
ing the first loaded-unloaded cycle, evident residual strain
and large hysteresis are observed in the samples, indicating
that the network structure has changed and exhibited a be-
havior consistent with the typical Mullins effect.3! In the fol-
lowing two successive cycles, the degree of reduction in
tensile strength gradually increases as the cross-linking dens-
ity decreases derived from the dissociative of hydrogen and
disulfide bonds. Further, taking PU-HPS-2 as an example, it
was loaded-unloaded to a strain of 500% for three cycles,
after which two loaded-unloaded cycles were performed after
relaxing for 0.5 and 1 h (Fig. 6f), respectively. Apparently, pro-
longing the relaxation time leads to the recovery of hydro-
gen and disulfide bonds, which can be completed after about
1 h. Such a good self-recovery property can be attributed to
the re-association of disassociated hydrogen and disulfide
bonds during the relaxation process.

CONCLUSIONS

In summary, we designed and successfully fabricated a series of
self-healing PU elastomers with an asymmetric alicyclic
structure adjacent to aromatic disulfide to tailor the self-healing

efficiency and tensile strength. Specifically, such PU elastomer
was fabricated by PTMEG, IPDI and HPS via one-pot method.
The molecular mobility and phase morphology of PU-HPS can
be tuned by adjusting the content of HPS. Hard segment
domains derived from the asymmetric structure show tunable
exchange rate of dynamic hydrogen and disulfide bonds. The
optimized sample shows a good balance of mechanical
performance (46.4 MPa of tensile strength and 109.1 MJ/m3 of
toughness) and healing efficiency (90.3% in tensile strength),
and it also exhibits 100% scratch recovery and good puncture
resistance. This advisable strategy illustrates a feasible pathway
to combine the robust mechanical performance, great
toughness and high healing efficiency in PU elastomer.
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