Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:683-694
https://doi.org/10.1007/510904-020-01697-1

=

Check for
updates

Self-healing Polyurethane Elastomer Based on Molecular Design:
Combination of Reversible Hydrogen Bonds and High Segment
Mobility

Zhaopeng Liang' - Dongao Huang' - Lei Zhao' - Yijing Nie'® - Zhiping Zhou' - Tongfan Hao? - Songjun Li'

Received: 29 June 2020 / Accepted: 31 July 2020 / Published online: 8 August 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Polyurethane (PU) belongs to a class of special polymeric materials with hydrogen bonds, which has the potential for self-
healing ability. In the present work, by introducing polypropylene glycol (PPG) blocks with high segment mobility and
different block lengths on the ends of PU chains, the PUs with adjustable self-healing ability were successfully obtained.
The self-healing ability of the PUs firstly increases with the increase of the PPG block lengths, but then decreases. This
phenomenon can be attributed to the combined effects of the density of hydrogen bonds and the mobility of PPG segments.
At first, the increase of the PPG block length leads to the improvement of mobility of PU chains, which is beneficial for
the enhancement of the self-healing. However, the further increase of the PPG block length results in the reduction in the

hydrogen bond density, finally leading to the decrease of the self-healing ability of the PUs.

Keywords Polyurethane - Self-healing - High segment mobility - Hydrogen bonds

1 Introduction

Nowadays, the shortage of non-renewable resources is
becoming increasingly serious, which to some extent
restricts the economic and social developments. In addi-
tion, the waste of resources and the environmental pollution
caused by the damage and scrap of materials are becoming
more and more serious. Therefore, vigorously developing
self-healing polymer materials to extend the service life of
materials is of great significance not only to cope with the
current resource crisis and environmental problems, but also
to promote sustainable economic and social developments
[1-8].
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The preparation of intrinsic self-healing polymer materi-
als is one of the hotspots in the field of polymer science and
engineering [1, 3-8], which refers to one kind of polymer
materials that can self-repair without any additional energy
and force, if the corresponding polymer is damaged. There
are two categories of intrinsic self-healing polymer materi-
als, including polymer with reversible covalent bonds [3]
and that with reversible non-covalent bonds [4].

Rubber or elastomer belongs to an important class of
polymer materials, which has been widely used in our daily
life [9-15]. As is well known, polyurethane (PU) has a wide
range of applications and is considered as one of polymer
materials that cannot be separated from the modern indus-
trial production and human life [16—18]. Then, many efforts
have been devoted to the design and preparation of self-
healing PU by introducing reversible covalent bonds [19, 20]
or reversible non-covalent bonds, such as hydrogen bonds
[21, 22], ionic interactions [23] and metal-ligand coordina-
tions [24]. In general, the development of the self-healing
PU with reversible covalent bonds depends on the special
chemical reactions, such as the reversible Diels—Alder reac-
tion [25] and the disulfide exchange reaction [19]. However,
the corresponding synthesis is somewhat complicated, and
in some conditions the corresponding chemicals are toxic
(for instance, disulfide). Then, the development of the
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self-healing PU with the reversible non-covalent bonds
seems to have certain advantages [6, 7, 21-24]. For instance,
Wang et al. introduced multiple metal-ligand coordination in
their self-healing PU, and demonstrated that the correspond-
ing physical cross-linking due to the multiple metal-ligand
coordination can be fully reformed [24]. Incorporation of
multiple hydrogen bonding was also proven to be an effec-
tive method to improve the self-repairing ability of PU [21,
22]. In addition, ionic interaction can play an important role
in the construction of a reversible network for the rapid self-
healing in alginate-based ionic PU [23]. More interestingly,
Zhang et al. reported that the coexistence of the different
reversible non-covalent bonds, that is, dimethylglyoxime-
urethane (DOU) bonds, Cu-DOU coordination bonds and
hydrogen bonds, can endow PU with mechanical robustness
and self-healing efficiency together [26].

It should be noted that PU itself has some unique advan-
tage for the design based on the reversible hydrogen bonds
due to its special chemical structure. PU chains are com-
posed of two kinds of chain sections: soft blocks composed
of polyether polyol or polyester polyol and hard blocks con-
sisting of the diisocyanate and short chain extenders [16].
Luckily, intermolecular hydrogen bonds can form between
neighboring urethane groups [16], and thus can contribute
to the ability of the self-healing. Besides, soft blocks have a
strong mobility and thus can diffuse easily through cracks,
which is another prerequisite for achieving good self-healing
behaviors [27, 28]. Apparently, the distribution of intermo-
lecular hydrogen bonds and the mobility of soft segments
should depend on the chemical structures of both hard and
soft segments and the length of soft segments in PU chains.
In other words, the self-healing behaviors of PU are closely
dependent on its chain structure. Wu et al. introduced pol-
ytetramethylene ether glycol (PTMEG) blocks into main
chains as soft segments during the synthesis of PU, and
thus the corresponding chain mobility at room temperature
is improved, resulting in excellent self-healing behaviors
[29]. Lai et al. proved that the reinforcement effect of hard
segments in PU is due to physical crosslinking [30]. How-
ever, the presence of too many hard segments will reduce
the fluidity of chain segments, which is not conducive to the
self-healing process [30]. However, the influence of chain
structure on the self-healing of PU is received enough atten-
tion. In order to precisely control the self-repairing ability
of PU or prepare new PU with superior self-healing ability
by designing its chemical structure, the relationship between
the self-repairing behaviors and the chain structure of PU
should be first understood.

In the present work, a new kind of PU chains containing
soft blocks with different block lengths in their two ends
was synthesized. These soft blocks existing in the ends of
PU chains have relatively strong mobility, which is benefi-
cial for the chain diffusion around damage areas and the
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self-healing process. In addition, the existence of hydrogen
bonds forming between amine in the urethane groups and
carbonyl groups can further provide guarantee for the effi-
cient healing of fractures in these PU materials.

2 Experimental Section
2.1 Materials

Isophorone diisocyanate (IPDI) was provided by National
Pharmaceutical Reagent Company. Polycarbonate glycol
(PCDL-1000 and Mn=1000) was supplied by Jining Hua
Kai Resin Co., Ltd. Polypropylene glycol (PPG) with differ-
ent Mn, that is, 400, 600, 1000 and 2000 (PPG-400, PPG-
600, PPG-1000 and PPG-2000) was also bought from Jining
Hua Kai Resin Co., Ltd. In addition, some other chemi-
cals, including 1, 4-butanediol (BDO), dibutyltin dilaurate
(DBTDL) and N,N-Dimethylacetamide (DMAC) were all
obtained from Sinopharm Chemical Reagent Co., Ltd.

2.2 Synthesis of PU

Herein, we first used IPDI, PCDL-1000 and the chain
extender BDO to synthesize isocyanate-terminated linear
polyurethane. Then, in order to obtain the PCDL-terminated
polyurethane (PU-0), PCDL-1000 was further added (the
reaction mechanism can be seen in Scheme 1). In addi-
tion, to synthesize the PPG-terminated polyurethane, PPG
with different molecular weights (400, 600, 1000 and 2000,
respectively) was used for the further reaction instead of
PCDL-1000, and thus a series of linear polyurethanes (PU-
400, PU-600, PU-1000 and PU-2000, respectively) are syn-
thesized (the reaction mechanism can be seen in Scheme 2).
The detailed experimental procedure can be seen as follows.

Firstly, 33.34 g IPDI, 100 g PCDL and 20 g DMAC were
added into the flask, stirred at a constant speed and then
heated up to 80 °C. After keeping for 2 h, the system was
cooled down to 60 °C. Then, 3.38 g BDO and 30 g DMAC
were further added, and the temperature was increased to
80 °C. The system was maintained at 90 °C for 1 h, and
then 1 drop of DBTDL catalyst was added. Subsequently,
the system was further stirred at a constant speed for 1 h.
After that, we titrated to measure the content of -NCO
groups once every 15 min until the theoretical value was
reached. Furthermore, after the system was cooled below
60 °C, 20 g PCDL-1000/8 g PPG-400/12 g PPG-600/20 g
PPG-1000/40 g PPG-2000 and 20 g DMAC were added.
The temperature was raised to 85 °C, and the system was
stirred at a constant speed for 2 h. Finally, the synthesized
PU samples were poured into polytetrafluoroethylene mold
and dried at 80 °C in a blast oven for 2 days.
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Scheme 1 Basic steps of the synthesis of PU-0 with PCDL end blocks
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Scheme 2 Basic steps of the synthesis of PU with PPG end blocks
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2.3 Characterization
2.3.1 Gel Permeation Chromatography (GPC)

The molecular weight of the PU samples was tested by using
GPC on a Waters 1515 device. DMF was used as the flow
phase with a flow rate 1.5 mL/min and monodisperse PEO
was used as standard with a column temperature of 40 °C.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of different PU samples were measured and
recorded at room temperature (about 25 °C) on Nicolet
Nexus 470 Type Fourier Transform Infrared Spectrometer.
In addition, in order to demonstrate the presence of hydrogen
bonds, FTIR spectra of these PU samples under high tem-
perature (85 °C) were also measured. The scanning resolu-
tion was 4 cm™!, and the scanning times were 32. A series
of samples were made into sheet samples and tested in ATR
mode of the infrared spectrometer.

2.3.3 '"H-NMR

"H-NMR spectra of the different PU samples were meas-
ured by Bruker avanceiii-400 nuclear magnetic resonance
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spectrometer (600 MHz), and deuterium chloroform was
used as solvent.

2.4 Self-healing Test
2.4.1 Weight Hanging Experiments of Healed Samples

The PU-600 sample was first cut into two pieces and then
healed at 50 °C for 2 h. After that, two different weights
of 850 g and 2225 g were hanged on the healed sample,
respectively.

2.4.2 Morphology Observation of Self-healing Process

The self-healing process of the PU-600 sample was observed
by optical microscopy. The sample was cut into two parts
by a clean blade, and then the two separated parts were con-
tacted immediately after the cutting. Then, XSP-002 optical
microscope was used to detect the changes in the fracture
surface of the healed sample.

2.4.3 Mechanical Tests of Self-healed Specimens

We carried out tensile tests of each self-healed sample
before and after self-healing process under different healing
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temperatures or healing times. The corresponding tensile tests
were carried out on the AGS-X50kN universal tensile machine
at the rate of 100 mm/min, and five parallel experiments were
carried out for each sample under each condition.

2.4.4 Two Consecutive Tensile Tests

In order to reveal the effect of hydrogen bonds on the recov-
ery of mechanical properties, two consecutive tensile tests
were carried out for these PU samples using the AGS-X50kN
universal tensile machine. The PU sample was first stretched
to a predetermined strain (12%). Then, the stretching pro-
cess stopped and the sample retracted. After a period of time
(20 min and 12 h, respectively), the same sample was stretched
again to the predetermined strain (12%).

3 Results and Discussion

The molecular weight data of a series of the PUs synthesized
are shown in Table 1. The results reflected from the data are
in line with expectations, that is, the molecular weight of the
PU-400 is the smallest, that of the PU-2000 is the largest, and
that of the PU-0 and the PU-1000 are roughly similar. Consid-
ering the errors due to the synthesis process, the gaps between
these molecular weight data of the PU samples are basically
consistent with expectations.

In order to confirm that the PUs containing soft PPG end
blocks with different block lengths have been successfully syn-
thesized, the FTIR spectra of the different PU samples were
recorded, as shown in Fig. 1. It can be seen that all of the spec-
tra exhibit the absorption peaks around 3335 em™, 2934 ecm™!,
1737 cm™', 1250 cm™! and 1530 cm™!, corresponding to the
stretching vibrations of -OH or -NH—, -CH,— or -CH;, C=0
and C-O in carbonate and urethane groups and the bending
vibration of -NH- [31-33], demonstrating the existence of
hydroxyl groups, urethane groups, methylene and carbon-
ate groups in PU chains (that is, the PU-0 containing PCDL
end blocks has been successfully synthesized). In addition,
the FTIR spectra of the PU terminated by PPG, including the
PU-400, the PU-600, the PU-1000 and the PU-2000, show a
new absorption peaks at 1112 cm™", attributed to the appear-
ance of the stretching vibration of ether oxygen bond [34, 35],
and the intensity increases with increasing the length of PPG
chain sections, demonstrating that the PU samples terminated
by PPG with different block lengths have been successfully
obtained.

Table 1 The molecular weight date of the different PU samples

GPC PU-0 PU-400 PU-600 PU-1000 PU-2000

Mn 78,440 77,035 77,468 78,227 80,376
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Fig.1 FTIR spectra of different PU samples, including PU-0,
PU-400, PU-600, PU-1000 and PU-2000

In addition, '"H-NMR spectra were also measured to
confirm the successful synthesis of the PU-0 and the PU
terminated by PPG. Figure 2 depicts the 'H-NMR spectra
of the PU-0 and the PU-600 samples. It can be clearly seen
that the peaks appear at 4.13 ppm (e, -OCOOCH,CH,-),
1.70 ppm (f, -OCOOCH,CH,CH,-) and 1.42 ppm (g,
—~OCOOCH,CH,CH,CH,-) in the "TH-NMR spectrum of the
PU-0 sample [36], which represent the characteristic signal
peaks of the soft PCDL segments. One can also clearly see
that the e’ peak appears at 3.67 ppm, which represents the
signal peak (-CH,CH,OH) of the methylene adjacent to the
inner side of the end hydroxyl when PCDL is used as the
chain ends [37]. In short, the above findings can prove that
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Fig.2 "H-NMR spectra of PU-0 and PU-600
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Table 2 The average tensile strengths for different PU samples

PU-0 PU-400 PU-600 PU-1000 PU-2000

Tensile strength 33.6 268 20.1 16.0 16.3

(MPa)

PCDL segments were successfully introduced as soft seg-
ments and chain ends. Similarly, there are three peaks (that
is, e, f and g peaks) in the 'H-NMR spectrum of the PU-600
sample, demonstrating that the PCDL segments exist in the
PU chains. In addition, there are a series of broad peaks at
3.27-3.76 ppm, representing the signal peaks of methylene
(a, -OCH(CH;)CH,-), methylene (b, -OCH(CH;)CH,-),
hydroxyl (¢, -CH,OH), and a strong methyl signal peak
(d, -OCH(CH;)CH,-) at 1.14 ppm [38]. The appearance of
these peaks can confirm that the PPG segments were intro-
duced as the chain ends of the PU chains.

Furthermore, the mechanical properties of all the original
PU samples were tested, and the corresponding values of
the average tensile strength for these different PU samples
were listed in Table 2. It can be observed that the PU-0
sample exhibits the highest tensile strength. In addition, the
tensile strength of the PPG-terminated PUs decreases with
increasing block length of PPG blocks except that of the
PU-2000 sample, which displays a higher tensile strength
compared with that of the PU-1000 sample. It is well
known that urethane carbonyl groups and carbonyl groups
in PCDL segments have stronger ability to form hydrogen
bonds with urethane NH groups, compared with ether oxy-
gen [16]. Thus, the increase of the length of the PPG blocks
can lead to the decrease of the density of stronger hydrogen
bonds between urethane NH groups and urethane carbonyl
groups or carbonyl groups in PCDL blocks, resulting in
the decrease of the tensile strength. However, on the other
hand, the increase of the molecular weight of the PPG blocks
can lead to the increase of the mechanical properties [39,
40]. For the PU-2000, this positive effect of the increase of
molecular weight on the mechanical properties overwhelms
the negative effect of the decrease of hydrogen bond density,

Fig.3 a PU-600 sample with different weight suspending (from left
to right are 850 g and 2225 g loadings, respectively), and this sample
was healed at 50 °C for 2 h

and thus it exhibits the higher tensile strength compared with
the PU-1000.

Then, we further pay our attention to the self-healing
behaviors of these PU samples. Firstly, in order to simply
examine whether the PU examples have the self-healing abil-
ity, the weight hanging experiments of the healed PU-600
sample were carried out. As shown in Fig. 3, it can be clearly
seen that the self-healed sample can successful withstand
both the weights of 850 g and 2225 g, demonstrating that the
PU-600 sample has a strong ability of self-healing.

In order to observe the self-healing process and the
change of the fracture surfaces more clearly, the experi-
mental observation on the morphology changes of the
healed PU-600 sample were also performed, as illustrated
in Fig. 4. A crack exists in the optical microscope picture
of the cut sample (the leftmost panel in Fig. 4). However,
as the healing time proceeds, the crack becomes more and
more blurred. When the healing time reaches 60 min, even
no crack can be found in the picture of the healed sample,
further demonstrating that the PU-600 sample has a strong
self-healing ability.

I 1
|
d.
| ! i 1

45°C &45min  45°C &60min

Just cut 45°C &15min

45°C &30min

Fig.4 Optical microscope pictures of the cut sample and the healed samples with different healing time at the magnification of X 500
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Table 3 The degree of the 15 min (%) 30 min (%) 45 min (%) 60 min (%) 120 min (%)
recovery of tensile strengths for
the different PU samples healed PU-0 5.10 5.57 6.28 8.87 13.10
for different healing times at a PU-400 36.75 45.69 48.13 57.50 62.62
same temperature (45 °C)
PU-600 13.32 22.75 31.44 61.73 79.85
PU-1000 30.15 41.92 48.15 55.84 58.95
PU-2000 12.16 13.86 33.41 42.46 45.92
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Scheme 3 Schematic model of hydrogen bonds in (left panel) PU-0 and (right panel) PU containing PPG segments

The mechanical properties were further tested to quan-
titatively reveal the self-healing ability of the different PU-
samples. The stress—strain curves of the different original
PU samples and these healed for different times at 45 °C
were shown in Fig. 5. It can be observed that the original
PU samples exhibit the highest tensile strength. In addition,
the tensile strength of these healed samples increases with
increasing healing time. Furthermore, the degree of the
recovery of the tensile strengths for the different PUs was
listed in Table 3 (the recovery degree of tensile strength is
defined as the ratio of tensile strength of healed samples
to that of original samples). For all the PU samples, the
degree of the recovery of the tensile strengths increases with
increasing healing time, demonstrating that prolonging the
healing time is beneficial to improve the healing effect [4,
22, 28, 41]. In addition, the different PUs exhibit differ-
ent self-healing behaviors. The recovery degree of tensile
strength of the PU-0 is lowest among these PU samples,
indicating that the presence of the flexible PPG blocks at
the ends of PU chains can indeed improve the self-healing
ability of the PU samples. Apparently, this improvement of
the self-healing ability in these PU samples containing the
PPG end blocks can be attributed to the strong mobility of
the PPG segments. It has been reported that the glass transi-
tion temperature of PPG is around — 70 °C [42], which is
much lower than that of PCDL (about — 40 °C) [43]. That is,
PPG segments have stronger mobility than PCDL segments.
Thus, the presence of PPG in the PU samples can improve
the segmental mobility of the PU chains, which is beneficial
for the process of self-healing process [22, 28]. Besides, as
also shown in Table 3, the PU-600 has the highest degree

of recovery of the tensile strength among the PU samples
containing PPG blocks, suggesting that the PU-600 exhibits
the strongest self-healing ability. In other words, both too
short and too long PPG blocks would lead to the reduction
of the self-healing ability.

In addition to segmental mobility, the presence of the
reversible hydrogen bonds in the PU chains will also influ-
ence the self-healing behaviors [4, 5, 22, 41]. As is well
known, the hydrogen bonds can form again through the
fracture surfaces, and this process can facilitate the self-
healing process. Obviously, the density of hydrogen bonds
can directly affect the self-healing behaviors. In the PU-0
sample, the hydrogen bonds form between urethane carbonyl
groups or carbonyl groups in PCDL segments and urethane
NH groups, as illustrated in the left panel of Scheme 3. In
the PU samples containing PPG end blocks, the hydrogen
bonds can also form between carbonyl groups and urethane
NH groups. However, no hydrogen bonds can form between
the PPG segments and urethane NH groups, as shown in
the right panel of Scheme 3. In this condition, the density
of hydrogen bonds in the PUs containing PPG end blocks
should be lower than that in the PU-0.

In other words, since it is difficult to form hydrogen
bonds between —-NHCOO- and PPG blocks, the increase of
the length of the PPG blocks would lead to the decrease in
the density of the hydrogen bonds, which would weaken the
ability of the self-healing of the PU samples. In short, the
presence of PPG segments results in double-edged sword
effect: on one hand, the increase of the PPG length can lead
to the increase of fraction of highly mobile segments, which
is beneficial for the self-healing process; on the other hand,
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the increase of the length of the PPG blocks can also result
in the decrease of the density of the hydrogen bonds, which
weaken the self-healing ability. When the length of the PPG
Table 4 The degree of the recovery of tensile strengths for the differ- blocks is relatively short, the positive effect of the increase
ent PUs healed at different healing temperatures with a same healing of fraction of flexible PPG segments overcomes the negative

time (1'h) effect of the decrease of hydrogen bond density, thus leading
25°C (%) 35°C (%) 45°C (%) 55°C (%) 65 °C (%) to the improvement in the self-healing ability of the PU sam-
ples. When the length of the PPG blocks is relatively long,
PU-0 8.87 27.00 51.26 . .
the negative effect of the decrease of hydrogen bond density
PU-400 7.67 8.15 57.34 68.96 81.04 . . . . .
is dominant, thus resulting in the decrease in the self-healing
PU-600 12.57 18.28 61.98 73.16 82.54 .
PU-1000 5.20 591 55.84 67.36 70.23 ability of the PU samples.
i ’ ’ ) ’ ’ The effect of the healing temperature on the self-healing
PU-2000 6.97 8.23 42.46 47.87 60.84

behaviors of the PU samples was also investigated. Figure 6
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Fig.7 FTIR spectra of a

displays the stress—strain curves of different original PU
samples and these healed for different 1 h at different tem-
peratures, that is, 25 °C, 35 °C, 45 °C, 55 °C and 65 °C,
respectively. It can be observed that the tensile strength
of the healed PU samples increases with the raise of the
healing temperature, demonstrating that the increase of
the temperature is beneficial for the self-healing process.
The degree of the recovery of the tensile strength for the
different PU samples healed at different temperatures is
listed in Table 4. The increase of the healing temperature
results in the improvement of the recovery degree of the
tensile strength. This enhancement in the self-healing ability
caused by the increase of the temperature can be owing to
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the improvement of the chain mobility [28, 44-46]. Previ-
ously, our group also found that the temperature increase can
lead to the increase of the self-healing ability in ENR filled
with ZDMA [28]. In addition, similar to the experimental
results of the effect of healing time, compared with the other
PU samples, the PU-600 samples also exhibit the highest
recovery degree of the tensile strength, namely, the strongest
self-healing ability.

Moreover, we try to clarify the mechanisms of the
self-healing process in these PU samples containing
PPG blocks. As mentioned in the above sections, two
factors affect the self-healing process in the PU samples
containing PPG block ends: the hydrogen bonds and the
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high chain mobility of PPG segments. Then, we need to
confirm the presence of the hydrogen bonds in the cur-
rent PU samples. Figure 7 displays the FTIR spectra of
different PU samples at different temperatures. Interest-
ingly, as shown in Fig. 7, the FTIR spectra at the low
temperature exhibit strong peaks at 1737 cm™!, which can
be attributed to C=0 in carbonate and urethane groups
[31-33]. However, the corresponding peaks in the FTIR
spectra at the high temperature become much weaker
compared with these at the low temperature, indicating
that the hydrogen bonds existing at low temperature are
destroyed due to the increase of the temperature [22]. In
short, the reduction of the peak intensity corresponding to
the damage of hydrogen bonds caused by the temperature

Table5 The ratio of the stress at strain of 12% during the first
stretching to that during the second stretching

Stress (MPa) 20 min later (%) 12 h later (%)
PU-0 89.71 94.75
PU-400 83.28 90.72
PU-600 80.44 88.09
PU-1000 76.84 83.14
PU-2000 75.67 80.13

@ Springer

increase demonstrates the presence of the hydrogen bonds
in the PU samples.

Furthermore, consecutive tensile tests were applied to
reveal the effect of hydrogen bonds on the recovery of
tensile strength. As shown in Fig. 8, it can be found that
for both the PU samples (PU-600 and PU-0) the stress
at the strain of 12% during the first stretching is higher
than that during the second stretching after 20 min and
12 h. Table 5 further shows that the stress at the strain
of 12% during the second stretching after 12 h is higher
than that after 20 min, demonstrating that the longer time
interval can lead to the better recovery of mechanical
properties in the PU samples. During the first stretch-
ing, some hydrogen bonds would break. Then, during the
subsequent second stretching, the corresponding stress
will be lower than that during the first stretching, since
fewer hydrogen bonds can contribute to stress. However,
if the interval between the two consecutive tensile tests
is higher, more hydrogen bonds will reform, thus leading
to the higher stress [22, 41]. Accordingly, the reformation
of the hydrogen bonds indeed can cause the recovery of
mechanical properties.
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4 Conclusion

In summary, this work provides a strategy and mechanism to
prepare traditional PU materials with excellent self-healing
properties. This strategy depends on the strong mobility of
the flexible PPG blocks at the ends of the PU chains and
the reversible hydrogen bonds forming between urethane
carbonyl groups or carbonyl groups in PCDL segments and
urethane NH groups. The soft blocks at the ends of the PU
chains have strong fluidity, which is conducive to the chain
diffusion and self-healing process around the damage area.
In addition, the amino groups form hydrogen bonds with
the carbonyl groups, which can further ensure the effective
healing of the fractures in the PU materials. We take the
PU-600 sample as a typical representative of this strategy.
Its tensile strength reaches 20.1 MPa. After complete frac-
ture, the healing rate can reach 79.85% at 45 °C for 2 h and
82.54% at 65 °C for 1 h. Its comprehensive performance is
superior to the other self-healing PUs.

It is worth noting that the aim of this work is to synthesize
self-healing PU materials with excellent self-healing prop-
erty by using common monomers and reasonable molecular
design. In other words, this strategy provides a way to endow
traditional PU materials with self-healing properties, a pow-
erful reference to simplify the synthesis method and produc-
tion process of self-healing PU materials and a convenience
for large-scale production and application of self-healing
PU materials.
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