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Abstract. The development of skin-compatible polyurethane materials with excellent wide-temperature range and anti-aging
self-healing properties is considered crucial for modern applications. However, few polyurethane materials can achieve these
characteristics simultaneously because of the chemical bond activity. Here, we report a wide-temperature range and anti-
aging self-healing polyurethane material with superior mechanical features. At —40°C, the polyurethane exhibits a self-
healing efficiency of 72.6%, with a tensile strength of ~7.4 MPa and elongation at break of ~1424.5%. At 60°C, its self-
healing efficiency reached 93.6%, with an elongation at break of 1922.2% without significant reduction of the tensile strength.
Notably, its low-temperature self-healing efficiency was 79.3 and 72.6%, respectively, at —20 and—40 °C, and the samples
showed some degree of self-healing, even at —60 and —80 °C. Meanwhile, the polyurethane showed excellent anti-aging per-
formance, and its self-healing properties were sufficiently high after aging at 60 °C for 7 days. The designed polyurethane
is expected to offer a promising platform for fabricating materials for electronic skin applications, wearable electronic
devices, flexible displays, and soft robotics.
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1. Introduction accidental damage, such as scratches and penetra-
Electronic skin (e-skin), a novel technology that can  tions, and therefore highly susceptible to tearing [ 14,
monitor many kinds of signals and exhibits high sen-  15]. Inspired by the rapid and efficient self-healing
sitivity and wide detection range [1—4], has signifi- ability of human skin after injury, researchers have
cant potential in wearable electronic devices, flexible —attempted to incorporate self-healing functionality
displays, and soft robotics [5—13]. Elastic polyure- into e-skin [7, 16].

thane substrates are often used to endow e-skins with  In recent decades, significant progress has been
excellent mechanical elasticity; however, during the  achieved in the field of self-healing materials, and
application, polyurethane is inevitably subjected to  two types of such materials have been developed
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based on extrinsic or intrinsic healing mechanisms
[17, 18]. Extrinsic self-healing materials generally
rely on a healing agent in implanted microcapsules
[19-21]. As the amount of the implanted healing
agent is fixed, it can only provide limited repairs,
and the preparation process is relatively complicated
[22]. In contrast, intrinsic self-healing materials are
realized by the reversible exchange reaction of dy-
namic bonds, such as metal coordination bonds [23—
27], hydrogen bonds [28-30], disulfide bonds [31—
35], D-A reactions [36, 37], imine bonds [38], and
boron-ester bonds [39, 40]. Theoretically, intrinsic
self-healing materials can be repaired countless
times and have more stable self-healing properties
than extrinsic self-healing materials; therefore, in-
trinsic self-healing has received more attention.
Through the introduction of self-healing technology,
some self-healing polyurethanes with excellent me-
chanical properties have been successfully synthe-
sized [41-45]. Wu et al. [43] successfully prepared
an elastomer with excellent tensile strength, high
toughness, high self-healing efficiency, and good
puncture resistance by introducing an asymmetric al-
icyclic structure adjacent to an aromatic disulfide
into polyurethane. The tensile strength and tough-
ness of this elastomer were as high as 46.4 MPa and
109.1 MJ/m?, respectively, and it also had a self-
healing efficiency of 90.3%. Liu et al. [44] devel-
oped a nanofiber-reinforced self-healing polymer
matrix that mainly mimics the structure and function
of human skin. Significantly, its tensile strength and
toughness were improved by 836 and 1000%, re-
spectively, compared with those of the pure matrix,
while its healing efficiency was largely preserved.
Wei et al. [45] successfully developed a novel self-
healing elastomer enhanced by dynamic supramole-
cular nanosheets with switchable interfacial interac-
tions. The elastomer has a high self-healing efficiency
(91.2%). In addition, supramolecular nanosheets, as
layered nanofillers, possess strong interfacial inter-
actions and endow elastomers with outstanding me-
chanical properties, water insensitivity, and gas bar-
rier properties.

However, these polyurethane materials can only ac-
complish self-healing at room temperature or high
temperatures. At low temperatures, where the mo-
lecular chain movement is significantly hindered,
the self-healing efficiency of polyurethane decreas-
es abruptly [46]. At present, despite the constantly
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increasing number of studies on low-temperature
self-healing materials, the contradiction between the
strength of the material and its low-temperature self-
healing performance persists. Most materials with
excellent low-temperature self-healing properties are
extremely soft hydrogels, which have extremely low
tensile strength, despite their excellent molecular
chain mobility. In contrast, high-strength polymer
materials have poor low-temperature self-healing
properties owing to their high cross-linking density.
Li et al. [47] synthesized a polydimethylsiloxane
polymer chain network cross-linked by coordination
compounds, which showed an elongation at break of
~1825% and tensile strength of ~0.23 MPa at 25 °C.
However, owing to its high cross-link density and
strong Fe-pyridine coordination bonds, its repair ef-
ficiency reached only ~68% after self-healing at
—20°C for 72 h. Wang et al. [48] prepared a multi-
functional ionic hydrogel with a repair efficiency of
up to 68.6% at —80°C with a repair time of only
30 min and an ultra-long elongation at break of
>7000%. These features were attributed to the ex-
tremely soft hydrogel structure that facilitated the
exchange reactions of dynamic bonds (e.g., ionic
bonds); however, the material strength was extreme-
ly low (~0.02 MPa). Therefore, the design of poly-
urethane with excellent self-healing and mechanical
properties over a wide temperature range is para-
mount. However, another aspect of the durability of
polyurethane, the anti-aging performance, has sel-
dom been studied. In fact, anti-aging is as important
as other durability factors because the polyurethane
matrix may need to resist ultraviolet rays, humidity,
and other environmental factors during its lifecycle.
In this study, dual-dynamic-bond cross-linking and
copolymerization strategies were synergistically in-
troduced into a polyurethane polymer to prepare an
anti-aging material with superior self-healing and
mechanical performance over a wide temperature
range. The method included the copolymerization of
hydroxyl-terminated polyethylene glycol-tetrahydro-
furan co-polyether (HTPE) with hydroxyl-terminat-
ed polybutadiene (HTPB), followed by the addition
of aliphatic disulfides (HEDS) to form ligands; fi-
nally, zinc chloride (ZnCl,) was added to cross-link
with the ligands and form polyurethane. The me-
chanical, self-healing, and anti-aging properties of
the synthesized polyurethane were analyzed consid-
ering various aspects.
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2. Materials and methods

2.1. Materials

HTPB (hydroxyl value = 0.75 mmol-g~!, function-
ality (f) = 2, 99% purity), 1,4-butanediol (BDO, 99%
purity), ZnCl,, and N,N-dimethylformamide (DMF,
>99.8% purity) were purchased from Jining Huakai
Resin Co., Ltd. (Jining, China). HTPE (hydroxyl
value = 0.68 mmol-g™!, /=2, 99.5% purity) was pur-
chased from Luoyang Liming Chemical Research and
Design Institute Co., Ltd. (Luoyang, China), whose
relative molecular weights (M, = 3217 gmol™,
M, = 2925 g'mol™!, D= 1.10) were determined by
gel permeation chromatography (GPC, PL-GPC50)
(Yuzhong Industrial Co., Ltd., Shanghai, China)
(Figure 1). Dibutyl phthalate (DBP, 99.5% purity)
was provided by the Tianjin Damao Chemical
Reagent Factory (Tianjin, China). Triphenylbismuth
(TPB), HEDS (90% purity), isophorone diisocyanate
(IPDI, 99% purity), and tetrahydrofuran (THF) were
obtained from Shanghai McLean Biochemical Tech-
nology Co., Ltd. (Shanghai, China).

2.2. Synthesis of HEPU-Zn polyurethane

First, 2.4 g of HTPB was added to a 100 ml three-
necked flask and dried overnight at 60 °C in a vacu-
um environment. Then, 1.8 mg of TPB (catalyst),
0.39 g of DBP (plasticizer), and 0.49 g of IPDI (cur-
ing agent) were thoroughly mixed, added to the
flask, and stirred at 60 °C under nitrogen protection
for 2 h. Thereafter, 0.6 g of HTPE was mixed well
with 1 ml of DMF, and the mixture was added to the
flask to conduct the copolymerization reaction for
1 h. Next, 0.27 g of HEDS (chain extender) was grad-
ually added to the mixture, followed by stirring for
2 h to obtain the ligand. Finally, 58.6 mg of ZnCl,
was fully dissolved in 2 ml of THF and added to the
mixture, reacted at 25°C for 12 h, poured into a
polytetrafluoroethylene mold, and dried in a vacuum

Detector voltage [mV]

12 14 16 18 20 22 24 26 28 30 32
Elution time, t[min]

Figure 1. GPC chromatogram of HTPE.
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Table 1. Formula and name of samples (mass ratio).

Sample | HTPB | HTPE | IPDI | HEDS | BDO | ZnCl,
PU 3.0 0.0 0.50 0.00 | 0.101 | 0.0000
EPU 24 0.6 0.49 0.00 | 0.099 | 0.0000
HEPU 2.4 0.6 0.49 0.17 | 0.000 | 0.0000
HEPU-Zn | 24 0.6 0.49 0.17 | 0.000 | 0.0586

oven at 60 °C for 24 h to evaporate the solvent and
obtain the sample (labeled as HEPU-Zn). In addi-
tion, three control groups were fabricated, namely,
the PU (only HTPB was cross-linked with IPDI, and
BDO was used instead of HEDS as the chain exten-
der), the EPU (without HEDS and ZnCl,, and BDO
was used instead of HEDS as the chain extender) and
the HEPU (without ZnCl,) groups. In our experi-
ments, the R-value (ratio of the isocyanate group to
hydroxyl group) of each group was 1. The mass ra-
tios of the formulations for all samples were shown
in Table 1.

2.3. Characterization

The structure of the coordination bonds was charac-
terized using a Horiba Labram Raman spectrometer
(Horiba Company, Paris, France) equipped with an
Ar laser source (excitation wavelength = 633 nm,
scanning range = 200-800 cm™'). The absorption
spectra in the wavelength range of 4004000 cm™!
were analyzed via Fourier transform infrared spec-
troscopy (FTIR) using an infrared spectrometer
(NICOLET iS10) (Bruker Corporation, Germany)
with a resolution of 4 cm™'. The proton nuclear mag-
netic resonance ('"H NMR) spectrum was collected
using a BRUKER AVANCE 400 instrument (NMR),
with a supply of DMSO-dj as the solvent. Dynamic
characteristic analysis was conducted on a dynamic
mechanical analyzer (DMA, Q800) (TA Instruments
Corporation, USA). Frequency scanning tests were
performed on both the original and repaired samples,
while temperature scanning and stress-relaxation ex-
periments were performed on the original samples.
For the frequency scanning tests, the frequency
sweep range was 0.1-100 Hz, and the temperature
was set to 60, 25, —20, or —40 °C. For the temperature
scanning tests, the temperature sweep range was —90—
60 C; the heating rate was 3°C-min~', and the test
frequency was 1 Hz. In the stress-relaxation experi-
ments, the temperature was set to 60, 25, -20, —40,
—60, or —80°C, and the strain was set to 50%. The
relaxation time (t) of the polyurethane network was
defined as the time required for the stress-relaxation
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Figure 2. Synthesis of HEPU-Zn polyurethane.

modulus to reach 37% of its original value and was
plotted on the curve. In accordance with the GB/
T528-92 standard, the tensile tests at —40, —20, 25, and
60°C were performed at a speed of 100 mm-min~' on
an Instron 5982 material testing machine (Instron Cor-
poration, USA), and the results were averaged with at
least three measured data. Optical microscope images
of the healing process of the samples were obtained
using an AOSVI polarizing microscope (CM2000-
3M100) (AOSVI Optical Instrument Co., Ltd., Shen-
zhen, China). For the self-healing experiments, the
samples were cut into two pieces, contacted without
an external force at each set temperature (60, 25, —
20, or —40°C), and left to repair at this temperature
for 12 h. Subsequently, they were tested on an In-
stron 5982 material testing machine. The tensile ex-
periments were performed at each temperature at a
speed of 100 mm-min~!, and the tensile strength (o)
and elongation at break (g,) values were recorded.

Healing efficiency, N, [%]=

Healing efficiency, N [%] =

The self-healing efficiency based on either the
strength or elongation at break (n, and n,, respec-
tively) was defined according to Equations (1) and
(2), respectively. The accelerated aging experi-
ments were performed in a constant-temperature
blast box, which simulated the daily sun and wind
through heating and airflow. During the anti-aging
experiments, the mechanical and self-healing prop-
erties of the samples were evaluated. Two sets of
samples were placed in a constant-temperature
blast box (60 °C) and aged for 7 d. After the aging
treatment was completed, the samples were cooled
to 25°C, and then one group of samples was sub-
jected to tensile testing using an Instron 5982 ma-
terial testing machine, while the other group of
samples was first cut in half and then repaired at
25°C for 12 h after contact. Finally, the self-heal-
ing performance after aging was evaluated accord-
ing to Equations (1) and (2):

€, of healing sample
€, of original sample

-100% (1)

O, of healing sample
O, of original sample

-100% ()
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3. Results and discussion
3.1. Material design and structural
characterization
The main purpose of this study was to develop a
wide-temperature range and anti-aging self-healing
polyurethane material with superior mechanical per-
formance. To achieve this objective, dynamic bond
cross-linking and copolymerization strategies were
simultaneously applied to the polyurethane network
(Figure 2). Initially, HTPB and IPDI were used as
raw materials to synthesize long chains terminated
with isocyanate groups. After the chains were copoly-
merized with HTPE, HEDS was added to form HEPU
ligands. Finally, HEPU ligands were cross-linked
with Zn?* to obtain polyurethane (HEPU-Zn). The
introduction of HTPE into HTPB effectively reduced
the cross-linking density, which benefited the mo-
lecular chain mobility of polyurethane [49]. In addi-
tion, HEDS provided disulfide bonds and introduced
self-healing properties to polyurethane. Concurrent-
ly, the dynamic disulfide bonds effectively eliminat-
ed free radicals, endowing polyurethane with anti-
aging capabilities [50-54]. Moreover, the ZnCl,
formed Zn-coordination bonds with the ligands,
where the zinc ions have an alternating configura-
tion, where transformation between the tetrahedral
and octahedral structure is possible. This endowed
the zinc coordination bonds with high dynamic ex-
change characteristics and provided excellent self-
repairing properties for polyurethane, especially at
low temperatures [55].
Figure 3a shows the Raman spectra of HEPU-Zn,
where the characteristic peaks at 245 and 319 cm™!
correspond to the stretching vibrations of Zn—N and
Zn—-0 coordination bonds, respectively, indicating
the presence of Zn-ligand bonds. The characteristic
peak at ~626 cm™! is due to the tensile vibration of
the S—S covalent bond [56, 57], suggesting the suc-
cessful introduction of disulfide bonds into HEPU-Zn.
Figure 3b shows the FTIR spectra of EPU, HEPU,
and HEPU-Zn. Compared with the HEPU spectrum,
new absorption peaks at 1526 and 520 cm™! were ob-
served for HEPU-Zn, which are attributed to the
stretching vibrations of Zn—N and Zn—O, respectively
[55]; this further indicates the existence of Zn-ligand
bonds. In addition, the spectrum of EPU had a promi-
nent absorption peak at 2257 cm™!, which was due
to the excess of -NCO groups. However, HEPU
and HEPU-Zn showed no characteristic -NCO
peak, which indicates that -NCO was completely

consumed, and the disulfide bonds were successfully
introduced. From the above characterization results,
it is concluded that the HEPU-Zn polyurethane sam-
ples containing Zn-coordination bonds and disulfide
bonds were successfully synthesized.

As shown in Figure 3c, the chemical structures of
HEDS, HTPE and HEPU were characterized by pro-
ton nuclear magnetic resonance. HEDS: § 2.19 (s,
1H), 3.92 (s, 2H) and 2.91 (s, 3H) ppm; HTPE:
6 1.62 (s, 1H), 3.41 (s, 2H) and 3.64 (s, 3H) ppm.
The chemical shift at 7.28 ppm for three samples
was due to the deuterated solvent CDCl;. HEPU
contains the unique chemical shifts of HEDS and
HTPE, and it does not show the chemical shift of
protons in the hydroxyl groups belonging to HEDS
at 2.19 ppm. These indicate that HEDS and HTPE
have been successfully introduced into HEPU,
which provides a necessary condition for the next
preparation of HEPU-Zn.

3.2. Dynamic characteristic analysis

The superior self-repairing properties of the prepared
HEPU-Zn polyurethane suggested that it might also
have good dynamic properties. To verify this, rigor-
ous temperature and frequency scanning tests were
comparatively conducted between HEPU-Zn and the
control group (PU) (Figures 4-6). In the temperature
scanning curves (Figure 4), negligible differences
were observed in the glass transition temperatures
(Ty) of PU and HEPU-Zn (approximately —64 to
—82°C for HEPU-Zn and —66 to —83 °C for PU).
However, the loss factor (tand= G"/G') of
HEPU-Zn showed a gradual increase when the tem-
perature rose above —40 °C, indicating the better mo-
lecular chain fluidity of HEPU-Zn than that of PU.
Figure 5 shows the frequency scanning curves of PU
and HEPU-Zn. Generally, higher G"/G’ ratios indi-
cate better flexibility of the molecular chain of
polyurethane [58]. From Figures 5, and 6, the G"/G’
ratio in both HEPU-Zn and PU decreased with de-
creasing temperature in general trend, implying that
the fluidity of the polyurethane molecular chain was
impaired at lower temperatures. In addition, the
G"/G' ratio of HEPU-Zn was higher than that of PU
in general trend at —40, —20, 25, and 60 °C, thereby
indicating the overall higher molecular chain mobil-
ity of HEPU-Zn, which was consistent with our pre-
vious conclusion. This behavior was theoretically at-
tributed to the simultaneous introduction of the
HTPE long chains and dual dynamic bonds in the
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Figure 3. a) Raman spectra of HEPU and HEPU-Zn. b) FTIR spectra of EPU, HEPU, and HEPU-Zn. ¢) 'H NMR spectra of

HEDS, HTPE, and HEPU.

HEPU-Zn structure. On the one hand, the copoly-
merization with HTPE increases the length of the
molecular chain and reduces its cross-linking densi-
ty; on the other hand, the dynamic exchange reac-
tions between dual dynamic bonds enhance energy
dissipation and promote the flow of the molecular
chain.

3.3. Mechanical performances

Table 2 shows the tensile mechanical properties of
the HEPU-Zn, HEPU, and PU samples at —40, —20,
25, and 60°C. PU exhibited the highest tensile
strength and lowest elongation at break, which can
be attributed to its poor molecular chain mobility
and irreversible cross-linked network. At all tested
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temperatures, the HEPU samples showed an evident-
ly improved &, compared with that of PU, but its o,
was significantly impaired. This was theoretically at-
tributed to the significantly improved molecular
chain fluidity that provided by both the copolymer-
ization with HTPE and the dynamic exchange reac-
tions of disulfide bonds. In parallel, owing to the de-
crease in the cross-linking density, the o, of HEPU
decreased. However, compared with those of HEPU,
the &, and o, of HEPU-Zn were significantly higher,
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and the o, was even close to that of PU. This was at-
tributed to the fact that the Zn-coordination bonds
formed by Zn?" and the ligands increased the cross-
linking density of the polyurethane network, thereby
increasing its strength. Furthermore, the alternating
configuration of zinc ions that can change from tetra-
hedral to octahedral endowed the zinc coordination
bonds with high dynamic exchange characteristics,
thereby further increasing the molecular chain flu-
idity of polyurethane. Specifically, the &, of HEPU-Zn
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Table 2. Elongation at break [%] and tensile strength [MPa] of polyurethane samples at —40, —20, 25, and 60 °C.

—40°C -20°C 25°C 60°C
Sample £ op € N 'S £ op
[%] [MPa] [%] [MPa] [%] [MPa] [%] [MPa]
PU 302.9 9.37 466.7 6.29 656.2 0.50 324.6 0.23
HEPU 622.0 5.13 883.4 3.30 1401.2 0.27 1053.8 0.17
HEPU-Zn 1424.5 7.40 1618.9 4.40 2723.6 0.40 19222 0.19

at —40, —20, 25, and 60°C was ~1424.5, 1618.9,
2723.6, and 1922.2%, respectively (all values
>1400%), while its o, was 7.4, 4.4, 0.4, and 0.19 MPa,
respectively. Therefore, it was inferred that the com-
bined introduction of copolymerization and dual-dy-
namic bond cross-linking strategies into polyure-
thane effectively enhanced its mechanical properties
over a wide temperature range.

3.4. Wide-temperature-range self-healing
performance

Figure 7a shows the self-healing properties of
HEPU-Zn, HEPU, and PU at 60 °C. The self-healing
efficiency of PU was extremely low, even at 60 °C,
primarily attributed to its irreversible cross-linked
network. Although its healing performance was im-
proved after copolymerization and the introduction
of disulfide bonds, the healing efficiency was only
~65%. When Zn?" species were further introduced,
its self-healing efficiency was significantly in-
creased, with 1. and n, reaching 93.6 and 89.5%, re-
spectively. This was attributed to the synergistic ef-
fect of the disulfide and Zn-coordination bonds that
both enhanced the self-healing ability of polyure-
thane. According to the images demonstrating the
self-healing performance (Figure 7b—7d), the self-
healing efficiency of HEPU-Zn at all four tempera-
tures remained considerably high; particularly, its

and 1, values at —40 °C were ~87.8 and ~72.6%, re-
spectively. These results suggest its excellent self-
healing efficiency over a wide temperature range
that could be attributed to the following factors: first,
the low cross-linking density and segmentation ef-
fect of the disulfide bonds endowed polyurethane
with high molecular chain mobility; second, the
cross-linked network formed by the disulfide and
Zn-ligand bonds provides good dynamic mechanical
properties, enhancing the self-healing ability of
polyurethane over a wide temperature range. Finally,
the dynamic exchange reactions of the Zn-ligand
bonds facilitate the reduction of the energy barrier
of the polymer chain slip, thereby endowing the
polyurethane network with good self-healing prop-
erties, even at low temperatures.

Figure 8 shows the frequency scanning curves of the
original and healed HEPU-Zn polyurethanes. The
self-healing performance of polyurethane can be fur-
ther characterized by comparing the frequency scan-
ning curves before and after repair [59, 60]. Accord-
ing to Figure 8, the G' and G" of the repaired
HEPU-Zn samples were lower than those of the orig-
inal samples, which is theoretically ascribed to the
incomplete healing of the crack. In addition, as the
healing degree of the crack increased with increas-
ing temperature, the gap between the G’ and G" val-
ues of the healed and original specimens gradually
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Figure 7. a) Self-healing performance of PU, HEPU, and HEPU-Zn at 60 °C. b, ¢) Self-healing performances of HEPU-Zn
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decreased as the temperature increased. Notably, the
frequency scanning curves of the original and healed
samples were very similar at 60 °C, indicating that
the healing efficiency was close to 100%. This is be-
cause HEPU-Zn has excellent molecular chain mo-
bility at 60 °C, and the dynamic reversibility of disul-
fide bonds and Zn-urethane coordination bonds are
also extremely high currently, which greatly pro-
motes HEPU-Zn self-healing process. This is con-
sistent with the results in Figure 6, further validating
the excellent self-healing properties conferred by the
dual cooperative cross-linking strategy. Figure 9a il-
lustrates the healing mechanism of the HEPU-Zn
polyurethane. When the HEPU-Zn polyurethane is
damaged, there will be many reversible active groups
on the fractured surface, which is the key to realize
self-healing. When the fracture surfaces contact each
other, with the help of the rapid migration of molec-
ular chains, the active groups contact each other to
form new coordination bonds and disulfide bonds
and finally realize self-healing. The corresponding
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microscopy images (Figure 9b) verify that the healed
cracks at 60 and 25 °C were almost indistinguish-
able, and the healing degree decreased with decreas-
ing temperature. The polyurethane evidently achieved
a relatively high degree of healing above —40°C,
which proves our previous conclusions. Significant-
ly, the polyurethane showed partial healing capabil-
ities, even at ultra-low temperatures (—60 and
—80°C). To visualize the self-healing ability at —60
and —80 °C, manual tensile experiments of HEPU-
Zn polyurethane were carried out, and the results are
shown in Figure 9c. After healing at —60 and —80 °C,
the polyurethane was relatively intact, highlighting
its excellent molecular chain fluidity and self-repair-
ing ability at low temperatures, which is of great ap-
plication value.

Subsequently, stress-relaxation experiments were
carried out at a constant temperature and deformation
rate, and the recombination ability of the polyure-
thane network was evaluated to reflect its healing abil-
ity. A shorter t value implies a higher reorganization



Y. Zhang et al. — Express Polymer Letters Vol.17, No.3 (2023) 252-267

—=— G' —o— G" original —40°C
—e— G' —o— G" healing
w 107 |
a
o
5
106 -
Il 1 1 1
0.1 1 10 100
a) Frequency [HZ]
—=— G' —o— G" original 25°C
—e— G' —o— G" healing
g 108 |
o
o
10°
L 1 1 1
0.1 1 10 100
c) Frequency [HZ]

—=— G' —o— G" original -20°C

—e— G' —o— G" healing

0.1 1 10 100
b) Frequency [Hz]
107
—=— G' —o— G” original 60°C
—e— G' —o— G" healing
106 -
T
a,
o
o
10°
104 Il 1 1 1
0.1 1 10 100
d) Frequency [Hz]

Figure 8. DMA frequency sweep curves of the original and repaired HEPU-Zn polyurethanes at a) —40°C, b) —20°C, ¢) 25°C,

and d) 60°C.

ability of the polyurethane network, which is con-
ducive to self-healing [55, 61]. Figure 10a shows the
stress-relaxation curves of HEPU-Zn polyurethane
at 60, 25, -20, —40, —60, and —80°C, and the stress
relaxation experimental results of PU at 60, 25,
and —20°C are shown in Figure 10b. The t value of
HEPU-Zn is named t; and that of PU is t,. The 1,
values of PU at 60 and 25°C are 15.89 and
44.32 min, respectively, while the internal stress
at —20°C can only decrease to ~63% of its initial
value. Note that T, was extremely small, with values
of only 0.89 and 1.79 min at 60 and 25 °C, respective-
ly, which indicates that HEPU-Zn has excellent dy-
namic properties at 60 and 25 °C. When the temper-
ature decreased to —20 and —40°C, t; increased to
7.02 and 22.46 min, respectively. This is because the
molecular chain movement is hindered at low tem-
peratures, the recombination ability of the polyure-
thane network is weakened, thus t value increased as
the temperature decreased. While compared with PU,
HEPU-Zn still had strong molecular chain fluidity at
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this time. When the temperature decreased from —40
to —60°C, 1 increased from 22.46 to 45.65 min, and
the corresponding self-healing ability decreased sig-
nificantly, but it was still close to the molecular chain
mobility of PU at 25°C. When the temperature de-
creased to -80 °C, although the internal stress of the
polyurethane could not even reach up to 37% of the
original stress, it could decrease to ~62% within
60 min. This demonstrated that at —80 °C, the poly-
urethane still had a certain healing ability, which was
consistent with the results obtained from optical mi-
croscopy. These results further illustrated that the
synergistic cross-linking strategy of copolymeriza-
tion and dual dynamic bonds endowed polyurethane
with excellent wide-temperature-range self-healing
performance.

3.5. Anti-aging properties

In addition to the self-healing ability, an excellent
anti-aging performance is paramount for the long-
term use of polyurethane. Figure 11a depicts the
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stress-strain curves of PU aged for 7 d at 60 °C under
airflow. Both the tensile strength and elongation at
break of the aged PU decreased significantly. This is
because of the degrading influence of external fac-
tors such as heat and oxygen; the groups containing
active hydrogen in polyurethane molecules are easily
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attacked by oxidizing components to form macro-
molecular free radicals, resulting in a series of free-
radical chain reactions that promote aging. In con-
trast, no significant degradation of the tensile strength
and elongation at break of the aged HEPU-Zn
polyurethane samples was observed (Figure 11b); the
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tensile strength was ~0.37 MPa, which was 92.5%
of the original value, while the elongation at break
was ~2437.2%, which was 89.4% of the original
value. This superior anti-aging performance is attrib-
uted to the anti-aging property of disulfide bonds,
which effectively prevented free-radical generation
in the polyurethane network [54, 62—64]. These re-
sults show that HEPU-Zn polyurethane has relative-
ly stable mechanical properties. To further study the
stability of the self-healing properties of HEPU-Zn,
after accelerated aging for 7 d, HEPU-Zn samples
were cooled to 25 °C, cut in half and contacted, and
then healed at 25 °C for 12 h. Their tensile mechan-
ical properties were then measured, as shown in
Figure 11c. The 1, and ng of the aged HEPU-Zn
samples reached 79.9 and 77.5%, respectively. Com-
pared with the original sample (87.9%/85.0%), the
healing ability decreased to some extent, but re-
mained at a high level, which further proves the ex-
cellent anti-aging characteristics of disulfide bonds.
As for the slight decrease in self-healing efficiency,
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this may be due to the molecular chain fluidity. The
active groups on the fracture surface directly form
new bonds with the adjacent groups, thus reducing
the number of new bonds that can be formed be-
tween the two fracture surfaces, which shows the de-
cline of tensile strength, elongation, and self-repair-
ing efficiency in a macroscopic view. The above
results show that HEPU-Zn polyurethane can main-
tain relatively high mechanical and self-healing per-
formance, even after accelerated aging for 7 d. This
will enable this material to be used in practical op-
erating environments for a sufficiently long time.

4. Conclusions

In this study, dual-dynamic-bond cross-linking and
copolymerization strategies were synergistically ap-
plied to polyurethane materials to provide wide-tem-
perature-range and anti-aging self-healing perform-
ance. The final obtained polyurethane had a self-
healing efficiency of ~93.6% and an elongation at
break of ~1922% at 60°C, and its tensile strength
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was like that of the PU control group. At —40°C, it
had a tensile strength of ~7.4 MPa and an elongation
at break of ~1425%, along with a high self-healing
efficiency. Significantly, the low-temperature self-
healing efficiencies of the polyurethane were 79.3
and 72.6% at —20 and —40 °C, respectively, and intact
samples were achieved after healing, even at —60 and
—80°C. Furthermore, when the polyurethane was
aged at 60 °C for 7 d, its mechanical and self-healing
properties were still relatively high. The findings
presented here highlight the feasibility of polyure-
thane as a potential material for applications in wear-
able electronics, flexible displays, and soft robotics.
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