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An ultrafast self-healing polydimethylsiloxane
elastomer with persistent sealing performance†

Da-Peng Wang, ‡ Zi-Han Zhao, ‡ Cheng-Hui Li * and Jing-Lin Zuo *

Silicone waterproofing sealants are susceptible to either rupture or scratches due to their low scratch

resistance, leading to reduced sealing performance. Herein, an ultrafast self-healing polydimethyl-

siloxane elastomer is developed to solve this problem. The novel polydimethylsiloxane elastomer,

obtained by crosslinking a long chain of poly(dimethylsiloxane) with a tetra-functional biphenyl unit via

an aldimine polycondensation reaction, exhibits ultrafast self-healing properties (can be efficiently

healed at room temperature within 60 s) although it is quite tough and strong (with Young’s modulus of

120.6 � 8.2 kPa, elongation 48000%, and adhesive stress values of 30–700 kPa for various substrates).

As demonstrated by water absorption tests and self-designed water bag experiments, this new polymer

can completely self-heal punctured holes or scratches in seconds and therefore maintain its excellent

sealing property. This unique material will have wide commercial applications not only as a sealant, but

also in many other industrial fields, including electrochemical sensors, wearable electronics, and

biomedical adhesives.

1. Introduction

Sealants, which can block the passage of gas or fluids through
the surface or joints in materials, have a wide range of industrial
applications.1–3 Among the various applications of sealants, water-
proofing is the most useful one for both closing gaps of water
pipes and protecting surfaces of water-sensitive furniture in con-
struction and home projects.4 One of the most common types of
waterproof sealants is silicone-based polymers due to their hydro-
phobic nature and high stability at different environments.5–7

However, silicone sealants are susceptible to either rupture or
scratches due to their low scratch resistance, leading to reduced
waterproofing performance. Therefore, the next generation of
silicone sealants should be improved in terms of anti-cracking
properties to prolong the life span and improve the safety.

Importing self-healing properties into silicone sealants might
be a solution for this problem. Self-healing is an important survival
feature of living creatures. Many biomaterials have the ability to

autonomously repair inflicted damage.8,9 Inspired by nature,
people have developed abundant synthetic self-healing materials
by encapsulating healing reagents,10–14 or incorporating dynamic
bonds into polymer matrices.15–19 If the silicone sealants possess
self-healing abilities, then the cracks can be autonomously healed,
thus providing persistent sealing property.

In practical applications, a crack in a silicone sealant should
be healed quickly, otherwise water will leak out once the crack
is formed. However, the introduction of ultrafast self-healing
features into waterproofing silicone sealants is a nontrivial
task. It is known that sufficient polymer chain mobility is
necessary to achieve fast self-healing ability for polymers, but
high polymer chain mobility often leads to low mechanical
strength and weak adhesion.20 So far, ultrafast self-healing
properties (with healing time shorter than 60 s) have only been
demonstrated in hydrogels.21–23

Herein, we designed and synthesized a polydimethylsiloxane
elastomer by crosslinking long chains of bis(3-aminopropyl)-
terminated poly(dimethylsiloxane) with a tetra-functional
biphenyl unit via an aldimine polycondensation reaction.
Dynamic imine bonds have been extensively investigated in
previous literature for constructing self-healing polymers.20,24–27

The long chains of bis(3-aminopropyl)-terminated poly(dimethyl-
siloxane) ensure high polymer chain mobility. The tetra-functional
biphenyl units provide fewer but effective crosslinking sites so that
the cross-linked polymer has good mechanical strength as well as
high polymer chain mobility. Therefore, the as prepared polymer
exhibits (denoted as BTA-PDMS-25 000) an ultrafast self-healing
property (can be self-healed at room temperature within 60 s)
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through dynamic imine bond exchange although it is quite tough
and strong (with Young’s modulus of 120.6 � 8.2 kPa, elongation
48000%, and adhesive stress values of 30–700 kPa for different
substrates). When used as a sealant, this polymer can completely
self-heal punctured holes or scratches in seconds and therefore
maintain its excellent sealing property. This unique property out-
performs most of the synthetic self-healing sealants reported in
previous studies.28–31 To better clarify and understand the unique
healing and sealing properties of BTA-PDMS-25 000, a control
sample denoted as BTA-PEA-4000 was prepared using a similar
synthetic procedure and then tested for comparison. The results
showed that the long poly(dimethylsiloxane) chain plays an impor-
tant role in determining the self-healing and sealing performance.
We believe that this distinctive material will have wide applications
in many industrial fields, including electrochemical sensors, wear-
able electronics, and biomedical sealants.

2. Experimental section
2.1 Materials

Bis(3-aminopropyl) terminated poly(dimethylsiloxane) (H2N-
PDMS-NH2, Mn = 25 000, noted as PDMS-25 000) was purchased
from Gelest. 5-Bromoisophthalaldehyde, benzoin, Pd(PPh3)4,
poly(propylene glycol) bis(2-aminopropyl ether) (Mn = 4000,
noted as PEA-4000) and the remaining reagents and solvents
were purchased from Sigma-Aldrich and used without purification
unless otherwise noted.

2.2 General measurements
1H NMR (500 MHz) spectra were recorded on a Bruker DRX 500
NMR spectrometer in deuterated dimethyl sulfoxide at 25 1C.
Chemical shifts are reported in ppm relative to tetramethylsilane
as an internal standard (1H). UV-vis absorption spectra were
measured on a UV-3600 spectrophotometer at room temperature.
FT-IR spectra were recorded with a Bruker Tensor 27 Fourier
transform infrared spectrometer. Gel permeation chromato-
graphy (GPC) tests were performed on a Malvern VE2001 GPC
solvent/sample module with two Visco-GELTM I-MBHMW-3078
columns. Thermal gravimetric analysis (TGA) data were obtained on
a PerkinElmer TA 2100-SDT 2960 ranging from 30 to 800 1C with a
heating rate of 10 1C min�1 under a N2 atmosphere. Differential
scanning calorimetry (DSC) experiments were performed using DSC
apparatus of Mettler-Toledo under a dry nitrogen atmosphere
(80 mL min�1). Temperature and enthalpy calibrations were per-
formed before the experiments using zinc and indium standards.
The temperature range is from �120 to 100 1C, with a heating and
cooling speed of 10 1C min�1. For each sample, two cooling–heating
runs were performed and the data were obtained from the second
cooling–heating curves. Optical microscopy images were performed
by a Nikon ECLIPSE E100 optical microscope.

2.3 Synthesis of BTA

The procedures for the preparation of BTA were similar to
a previously reported reference with some modifications.32

Under a N2 atmosphere, a mixture of 5-bromoisophthalaldehyde

(2.13 g, 10 mmol), benzoin (2.12 g, 10 mmol), Pd(PPh3)4 (0.69 g,
0.6 mmol), and Cs2CO3 (6.52 g, 20 mmol) was dissolved in 60 mL
DMF (water r 50 ppm) at room temperature. The mixture was
heated at 90 1C for 10 min and then allowed to react at 120 1C for
24 h. The resulting solution was immediately filtered before it
cooled. The filtrate was subjected to centrifugal separation which
gave a yellow-brown crude product. The crude product was then
purified through column chromatography to yield a pale yellow
solid (0.35 g, 26.5%). 1H NMR (500 MHz, DMSO-d6, d, ppm): 10.24
(s, 4H), 8.72 (s, 4H), 8.50 (s, 2H) (Fig. S1, ESI†).

2.4 Preparation of BTA-PDMS-25 000 polymer films

Under a dry argon atmosphere, [1,10-biphenyl]-3,3 0,5,50-tetra-
carbaldehyde (26.6 mg, 0.1 mmol) was added to a solution
of H2N-PDMS-NH2 (5.5 g, Mn = 25 000) in redistilled toluene
(250 mL) with constant stirring. The solution of TsOH�H2O
(1.1 mg, 0.006 mmol) in toluene (10 mL) was then added
dropwise as a reaction catalyst. A Dean–Stark trap was used to
remove the water generated during the dehydration condensation
reaction process. The resulting mixture was stirred under an
argon atmosphere for 72 hours at 125 1C in an oil bath. The
solution was then allowed to cool down to room temperature
gradually and the final product was subjected to vacuum evapora-
tion to remove most of the solvent, yielding a transparent yellow
viscous liquid (5.3 g, 96.4%, molecular weight according to GPC:
Mw = 178 250; Mn = 109 630; molecular dispersity Ð = 1.6). The
resultant yellow viscous liquid was then poured into a polytetra-
fluoroethylene (PTFE) mold and evaporated at room temperature
in a fume hood for 24 h followed by drying at 85 1C under reduced
pressure for 24 h. The as-prepared BTA-PDMS-25 000 polymer
films were then peeled off from the PTFE mold and cut into
certain dimensions for further testing.

2.5 Preparation of BTA-PEA-4000 polymer films

Similar to the synthesis procedure of BTA-PDMS-25 000, a certain
amount of BTA (79.8 mg, 0.3 mmol) solution in distilled toluene
was slowly added to the solution of poly(propylene glycol) bis(2-
aminopropyl ether) (2.6 g, Mn = 4000) in toluene (100 mL) with
stirring. TsOH�H2O (1.8 mg, 0.01 mmol) in toluene (10 mL)
was then added dropwise to the reaction system as a catalyst.
A Dean–Stark trap was used to remove the water generated during
the reaction process. The resultant mixture was stirred at 125 1C
for 72 h under an argon atmosphere and subsequently cooled
down to room temperature. Then, the solution was concentrated
to 10 mL and poured into a PTFE mold and volatilized at room
temperature for 24 h followed by drying at 85 1C under reduced
pressure for 24 h, giving an orange-red transparent polymer
film (2.3 g, 88.5%, molecular weight according to GPC tests:
Mw = 34 110; Mn = 20 260; molecular dispersity Ð = 1.7). Conse-
quently, the resulting BTA-PEA-4000 samples were peeled off from
the PTFE mold and cut into certain dimensions for further tests.

2.6 Rheological tests

The rheological measurements were carried out on a TA DHR-2
Rheometer. All sweeps were performed with 20 mm parallel
plates on circular samples with a 20 mm diameter. The gap distance
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was fixed at 1000 mm. Both the storage modulus (G0) and loss
modulus (G00) were recorded. Contact force with the sample was
maintained by the auto-compression feature set to 0.20 � 0.15 N.
Strain amplitude sweeps were run from 0.01% to 1000% strain at
1 Hz at 25 1C. Temperature sweeps were run from 0 1C to 200 1C at a
rate of 5 1C min�1 and a frequency of 1 Hz, and the strain was
automatically modulated at 0.10� 0.02% by the instrument to keep
the measured torque at a reasonable value as the sample softened.
Frequency sweeps were performed from 0.001 to 100 rad s�1 with a
constant 0.1% strain amplitude at room temperature.

2.7 Mechanical and self-healing measurements

Uniaxial tensile tests and cyclic strain–stress experiments were
performed on an Instron 3343 instrument equipped with a
500 N load cell at 25 1C. The strain rate of all samples is equal to
20 mm min�1 unless otherwise noted. The stress-relaxation
analysis (SRA) experiments were performed under strain control
(200% strain). After equilibrating for about 60 s, the strain was
applied and stress decay was monitored at room temperature. For
all the tests, a dumbbell-shaped sample size of 50 mm length �
4 mm width � 1 mm thickness was adopted, and three samples
were tested for each polymer film. For the self-healing tests, the
film was clamped on a tensile test machine and all experimental
parameters were pre-set at first. After that, the tested sample was
cut into two pieces and put together. The damaged film was then
allowed to self-heal at room temperature under different environ-
ments for different durations. The healed samples were then
directly stretched at a speed of 20 mm min�1 to test the recovery
of the mechanical properties. The mechanical self-healing effi-
ciency, Z, is defined as the ratio between the toughness restored
relative to the original toughness. Values of Young’s modulus,
maximal stress strengths, breaking strains, and healing efficien-
cies (Z) are presented as the means � standard deviation according
to the data from at least three trials.

2.8 Adhesion tests

Lap shear strength tests were performed using the Instron 3343
material test system with different substrates (iron, glass, PP,

PET, and PVC) at 25 1C. Tensile adhesion testing was performed
to measure the adhesive strength of BTA-PDMS-25 000 polymer
films on the various substrate surfaces. The polymer films
adhered to the surface of the specimens with an overlapped
area of 25 � 12 mm2. After a curing step for 24 h at room
temperature, the samples were pulled at a speed of 1 mm min�1

until the occurrence of separation under ambient conditions.

2.9 Desiccator water absorption tests

The experiments were performed according to ASTM E96M-05.
The open desiccators (diameter, 120 mm) containing anhydrous
calcium chloride (100 g) were sealed with different samples
(thickness, 1.5 mm) and placed in a controlled environment with
60 � 2% relative humidity at 25 1C. The sealed desiccators were
weighed using an electronic digital balance with an accuracy of
0.1 mg. The water absorption is calculated as M1/M0 � 100%,
where M0 is the original mass of the anhydrous calcium chloride
and M1 is the mass change of the anhydrous calcium chloride
after tests. Measurements of each sealant sample were repeated at
least three times and were averaged for a given sample in order to
reduce the experimental error.

3. Results and discussion
3.1 Synthesis and general characterization

As shown in Fig. 1a, by utilizing the one-pot aldimine poly-
condensation reaction between bis(3-aminopropyl)-terminated
poly(dimethylsiloxane) (H2N-PDMS-NH2, Mn = 25 000, PDMS-
25 000) and [1,10-biphenyl]-3,3 0,5,5 0-tetracarbaldehyde (BTA)
with a stoichiometric ratio of 2 : 1, the transparent pale yellow
BTA-PDMS-25 000 polymer films can be readily synthesized.
Meanwhile, BTA-PEA-4000 control samples were prepared in a
similar synthetic route except that the bis(3-aminopropyl)-
terminated poly(dimethylsiloxane) was replaced by poly(propylene
glycol) bis(2-aminopropyl ether) (Mn = 4000, PEA-4000) (Fig. 1b).
According to the previous studies,20,39 we performed a small
molecule model study to demonstrate the dynamic imine exchange

Fig. 1 Fabrication and comparison of BTA-PDMS-25 000 and BTA-PEA-4000 elastomers. (a) Synthesis route and optical image of BTA-PDMS-25 000.
(b) Synthesis route and optical image of control samples BTA-PEA-4000.
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in our BTA-PDMS-25 000 and BTA-PEA-4000 systems (Fig. S2–S4,
ESI†).

All these synthesized dynamic polyimines were first charac-
terized by FT-IR measurements. As presented in Fig. 2a, the
FT-IR spectrum of the BTA linker shows a distinctive CQO
stretch absorption band at 1689.4 cm�1. After reacting with
PDMS-25 000 at 125 1C for 72 h, the original CQO stretch
absorption band gradually disappeared and the resultant BTA-
PDMS-25 000 elastomer has a new absorption band at 1646.8 cm�1,
which corresponds to the CQN stretch of the newly formed imine
bond, indicating the formation of the dynamic polyimine network.
As for the BTA-PEA-4000 control samples, a similar CQN stretch
absorption band of imine bonds at 1645.6 cm�1 can be easily found
in Fig. S5 (ESI†). Meanwhile, we investigated the UV-vis spectrum of
BTA, PDMS-25 000, and BTA-PDMS-25 000 in CH2Cl2, respectively.
Fig. 2b clearly demonstrates that after mixing PDMS-25 000 with
BTA in the molar ratio of 2 : 1, the absorption peak of the BTA linker
at 305.9 nm rapidly shifts to 458.8 nm, suggesting the accomplish-
ment of aldimine condensation within the BTA-PDMS-25 000 poly-
mer network. Moreover, we studied the thermal stability of the
prepared polymer films by TGA experiments in a nitrogen atmo-
sphere. As observed from the curves in Fig. 2c, because of the
excellent thermal stability of the polydimethylsiloxane backbone,
BTA-PDMS-25 000 exhibits a much higher thermal decomposition
temperature (Td = 415 1C, corresponding to 5% weight loss) than
BTA-PEA-4000 (Td = 322 1C), implying that the material can be used
at a wide range of temperatures in practical applications. In
addition, according to the DSC measurement of BTA-PDMS-25 000
(Fig. 2d), the only exothermal peak at �41.3 1C corresponded to
melting while the Tg for the BTA-PDMS-25 000 polymer network
must be below �120 1C, which is typical for silicone rubbers
and enables sufficient flexibility of a polymer chain. By contrast,

the Tg value for BTA-PEA-4000 was measured to be �44.2 1C,
demonstrating much slower inner chain mobility of BTA-PEA-
4000 under ambient conditions when compared with BTA-PDMS-
25 000 elastomers.

3.2 Rheological studies

Rheological properties of BTA-PDMS-25 000 polymer films were
systematically studied with a rotational rheometer to achieve
overall insights into the structural arrangement of a dynamic
polyimine cross-linking network. According to oscillatory strain
sweeps of BTA-PDMS-25 000 (Fig. 3a), the storage modulus
(G0 = 66.8 kPa) is about 6 times higher than the loss modulus
(G00 = 11.2 kPa) as the strain is less than 15%, indicating that the
material is predominantly elastic at relatively small strains. At a
larger strain (415%) G0 has a tendency of falling behind G00,
implying that the sample turns into viscous state due to partial
breaking of the network. As for BTA-PEA-4000, the linear
viscoelastic region of strain is measured to be 0.01 to 15.5%,
which is similar to that of the BTA-PDMS-25 000 polymer because
of the similar imine crosslinking structure (Fig. S6, ESI†).

To investigate dynamic temperature-dependent mechanical
properties of the as-prepared samples, we performed dynamic
temperature sweeps ranging from 0 to 200 1C with a constant
frequency of 1 Hz. As illustrated in Fig. 3b, G0 of synthesized
BTA-PDMS-25 000 decreases slowly as the temperature increases.
The crossover temperature of G0 and G00 at 175 1C signifies the gel–
sol transformation, which demonstrates that three-dimensional
cross-linking interactions within BTA-PDMS-25 000 will not be
destroyed at mild temperatures. For control samples BTA-PEA-
4000, the storage modulus G0 is always larger than the loss
modulus G00 in the whole temperature range, indicating much

Fig. 2 General characterization. (a) FT-IR spectra of BTA and BTA-PDMS-
25 000. (b) UV-vis spectra of BTA, PDMS-25 000, and BTA-PDMS-25 000
with the same concentration of 0.5 mM in CH2Cl2 solutions at 25 1C.
(c) TGA curves of BTA-PDMS-25 000 and BTA-PEA-4000 polymer films
under a nitrogen atmosphere. (d) DSC curves of BTA-PDMS-25 000 and
BTA-PEA-4000 polymer films under a nitrogen atmosphere.

Fig. 3 Rheological measurements. (a) Oscillatory strain sweeps of BTA-
PDMS-25 000 at 25 1C. (b) Dynamic oscillatory temperature sweeps of
BTA-PDMS-25 000 ranging from 0 to 200 1C at 1 Hz. (c) Frequency sweep
of BTA-PDMS-25 000 ranging from 0.001 to 100 rad s�1 with 0.1%
strain amplitude at room temperature. (d) Continuous step strain tests of
BTA-PDMS-25 000 at room temperature and f = 1 Hz, under a large strain
amplitude of 500% or a small strain amplitude of 0.1%.
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higher crosslinking density in BTA-PEA-4000 (Fig. S7, ESI†).
Furthermore, frequency sweeps of the polymer films ranging
from 0.001 to 100 rad s�1 at 25 1C were performed. In dynamic
covalent crosslinked networks, the reciprocal of the crossover
angular frequency (oc), where G0(o) = G00(o), can be taken as a
characteristic relaxation time of the network (denoted as tc).

33,34

Thus, at o 4 1/tc, the material behaves more elastic-like, storing
more energy than it dissipates; while at o o 1/tc the material
exhibits viscous-like behavior, dissipating more energy than it can
store. As shown in Fig. 3c, the oc of the BTA-PDMS-25 000
elastomer is 0.68 rad s�1. According to the observed oc, the
calculated relaxation time tc of BTA-PDMS-25 000 is equal to
1.5 s. By contrast, according to the oc shown in Fig. S8 (ESI†),
the relaxation time tc of BTA-PEA-4000 is measured to be 100 s,
indicating much faster chain mobility and dynamic exchange of
imine bonds in the BTA-PDMS-25 000 polymer network.

Attributing to the rapid slippage and interpenetration of
polymer chains by dynamic imine bonds, our as-prepared BTA-
PDMS-25 000 polymer films exhibit an ultrafast self-healing
capability at room temperature. In detail, we performed con-
tinuous oscillation step strain experiments to quantitatively
monitor the elasticity recovery of BTA-PDMS-25 000 after
mechanical breakdown. As presented in Fig. 3d, BTA-PDMS-
25 000 initially underwent the typical oscillation time sweep for
60 s at a small strain amplitude (0.1%) to determine the
original value of storage modulus G0 (64 kPa). During the
period of the large amplitude (500%), G0 dropped by at least
3 orders of magnitude to below the level of loss modulus G00,

indicating that the elastic samples had been totally broken and
the dynamic imine bonds were subjected to rearrangement.
Upon switching to a small amplitude (0.1%) again, the sample
BTA-PDMS-25 000 began recovering its elastic properties imme-
diately (G0 became higher than G00 again), resulting in 98.4% of
the original storage modulus G0 being regained after healing for
60 seconds. In contrast, because of a lack of sufficient chain
mobility, the control sample BTA-PEA-4000 can only recover
12.6% of the original G0 after the rhelogical damge under a
500% strain amplitude (Fig. S9, ESI†). The results hypothesize a
self-healing mechanism in which highly reversible chain-ends
rapidly encounter after rupture, leading to the fast recovery of
the modulus in a few seconds.

3.3 Mechanical measurements

The mechanical properties of all synthesized polymer films were
investigated by uniaxial tensile tests under different conditions.
As shown in Fig. 4a, the freshly obtained BTA-PDMS-25 000
elastomer exhibits good mechanical strength (maximum tensile
strength 4110 kPa) and extremely high stretchability (ultimate
elongation 48000%), and is the most stretchable of the polyimine
polymers reported so far.20,24,27,35–37 The Young’s modulus of
BTA-PDMS-25 000 is calculated to be 120.6 � 8.2 kPa from the
low-strain region of the stress–strain curves, which indicates the
strong binding strength of aldimine interactions. It is worth
mentioning that the mechanical performance of BTA-PDMS-
25 000 polymer films has no significant attenuation under ambient
conditions (25 1C, 60 � 5% RH) even after three months (Fig. 4a).

Fig. 4 Mechanical properties. (a) Typical tensile stress–strain curves of BTA-PDMS-25 000 polymer films placed under ambient conditions (25 1C, 60 �
5% RH) for different days. Strain rate = 20 mm min�1. (b) Stress–strain curves of the obtained BTA-PDMS-25 000 samples with different stretch speeds at
25 1C. (c) Cyclic stress–strain tests of BTA-PDMS-25 000 at room temperature (up to 200% strain). Strain rate = 20 mm min�1. (d) Stress relaxation curves
of BTA-PDMS-25 000 and BTA-PEA-4000: the samples were primarily stretched to 100% strain and then allowed to relax for 300 s at 25 1C.
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Generally speaking, the stretchability of dynamic elastomers
is strongly dependent on the stretching rate.8,18,38 As illustrated in
Fig. 4b, when increasing the strain speed from 10 to 100 mm min�1,
less time is allowed for the re-formation of the broken imine bonds,
which dramatically reduces the fracture tolerance. In detail, when
the strain rate is 10 mm min�1, the BTA-PDMS-25 000 sample can
be stretched to larger than 100 times its original length without
fracture. As the strain rate is promoted to 100 mm min�1,
the ultimate elongation of BTA-PDMS-25 000 sharply decreased to
4060 � 160%.

Furthermore, we performed cyclic stress–strain tests of
BTA-PDMS-25 000 with a maximum applied strain of 200%.
As presented in Fig. 4c, the loading–unloading curve shows
pronounced hysteresis, which verifies an efficient energy dissi-
pation from dynamic imine bond breakage. However, if the
same sample was stretched and released successively, the
hysteresis loop of the second stretch would be significantly
lower than those of the original cycle. When the tested BTA-
PDMS-25 000 polymer film was allowed to rest for 30 s and
stretched again, we observed an almost full self-recovery of its
original dissipated energy with 93.1% efficiency. In dynamic
polyimine networks, reversible imine bonds break and dissi-
pate the strain energy. After the release of the mechanical
strain, the broken bonds can be immediately re-formed to
restore most of the mechanical properties. Fig. 4d depicts the
stress relaxation curves of both BTA-PDMS-25 000 and BTA-PEA-
4000 polymer films at 25 1C. Obviously, because of the longer
and much better mobility of PDMS-25 000 polymer chain, the
normalized stress of BTA-PDMS-25 000 rapidly decreased from
1 to 0.04 within 60 s, indicating a 95% release of the internal
stress of the material. By contrast, although undergoing much
longer relaxation time (300 s), the normalized stress of BTA-
PEA-4000 only decreased from 1 to 0.18, suggesting a much
slower release of the internal stress. On the basis of the above
investigations, it can be inferred that the as-prepared BTA-
PDMS-25 000 elastomer, with much faster stress relaxation, is
expected to have much better self-healing performance than
the control sample BTA-PEA-4000.

3.4 Self-healing properties

Our as-prepared BTA-PDMS-25 000 elastomer not only has
an extremely high stretchability, but also exhibits an excellent
self-healing performance under ambient conditions (25 1C,
60 � 5% RH). To directly observe the self-healing capability
of BTA-PDMS-25 000 polymer films, the dumbbell-shaped sam-
ples were cut into two separate pieces with a razor blade and
subsequently brought into contact at the fracture surfaces. The
cutting and healing procedure was recorded by an optical
microscope. As shown in Fig. 5a, the scratch on the BTA-
PDMS-25 000 polymer became narrow rapidly and totally dis-
appeared after healing for only 30 s. The scratch recovery
process that featured an ultrafast recovery speed, no remnant
trace, and no assistance from external stimulus is superior
to that of the previously reported self-healing materials. Such
self-healed BTA-PDMS-25 000 samples can be stretched to an
ultimate elongation more than 12 times of the original length.

After loosening the hands, the stretched sample gradually
returned to the original length with little residual strain because
of its natural elasticity, leading to a recyclable cutting–healing–
stretching procedure (Fig. 5b).

Meanwhile, the modified tensile stress–strain measurements of
BTA-PDMS-25 000 healing for different times were conducted at
room temperature. The entire cutting–healing–streching process
for tensile tests is presented in Fig. S10 and Movie S4 (ESI†). First,
we clamped the as-prepared sample on the universal tensile test
machine and pre-set all experimental parameters. Second, we used
a scissor or razor blade to cut the film quickly. Then the separated
specimens were adjusted to contact with each other firmly. After
putting two broken films together, the healing procedure is just
beginning and then the sample was allowed to self-heal under
specific conditions for 10–60 seconds. Finally, we could start the
stretching tensile tests immediately with no waiting. We define the
mechanical self-healing efficiency (Z) as the proportion of the
restored toughness (area under the stress–strain curve) relative to
the original toughness for comprehensively considering restora-
tion of tensile stress and ultimate elongation. As depicted in Fig. 5c
and d, after healing at 25 1C for just 10 s, the sample could
withstand twisting and stretching deformations with 54.7 � 6.6%
healing efficiency (Movie S1, ESI†). Remarkably, further healing
for 60 s resulted in a completely recovered ultimate elongation of
8450 � 120% and achieved 99.3 � 4.6% healing efficiencies.
To the best of our knowledge, the capability to efficient self-heal
at room temperature in a few seconds has never been achieved
among the reported autonomously self-healable elastomers
(Table 1). In contrast, as for control samples BTA-PEA-4000, its
mechanical and self-healing properties were also investigated by
uniaxial tensile measurements as shown in Fig. S11 and S12 of the
ESI.† Briefly, because of much poorer chain flexibility and higher
density of imine bonds, BTA-PEA-4000 polymer films have stronger
mechanical strength of 770.8 � 32.6 kPa, but much less stretch-
ability of 1050� 130% strain, and poorer self-healing performance
(12 h at 25 1C with 83.6 � 3.3% efficiency). The different mechan-
ical properties of BTA-PDMS-25 000 and BTA-PEA-4000 are listed in
Table S1 of the ESI.†

Commonly, polyimine networks are sensitive to water mole-
cules because of the hydrolysis of dynamic imine bonds.25,49,50

Therefore, we performed uniaxial tensile tests of BTA-PDMS-
25 000 and BTA-PEA-4000 polymer films which were allowed to
self-heal for same durations at various relative humidities
ranging from 20% to 80% RH at 25 1C. Every tested sample was
first placed under the corresponding humidity condition for 7 days
to reach steady-state before further self-healing measurements.
As presented in Fig. S13 and S14 (ESI†), the healing performance
of BTA-PEA-4000 is significantly affected by the ambient humidity.
However, as shown in Fig. 5e and f, whether healing at a very dry
environment with 20% RH or under extremely humid conditions
(80% RH), our BTA-PDMS-25 000 elastomer could be fully self-
healed in 30 s with 88.1 � 3.3% and 84.5 � 5.6% efficiencies,
respectively. These results verify that the healing of BTA-PDMS-
25 000 is effective under all different humidity conditions.
Futhermore, BTA-PDMS-25 000 can even autonomously self-heal
underwater at room temperature (Fig. S16 and Moive S5, ESI†).
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The reason for the outstanding self-healing performance is attrib-
uted to our polymer design. PDMS-25 000 has extremely long and
entangled polymer backbones, which can keep the dynamic imine
interactions effective within and between the polymer chains and
eliminate the interferences of external water molecules.

3.5 Sealing properties

Because of their broad availability, low cost, good adhesion,
and excellent thermal stability as well as outstanding chain
flexibility and relatively low water-vapor permeability, poly-
meric organosilicon sealants have been industrially produced
by Dow Corning and Wacker Chemie. As mentioned above, our
BTA-PDMS-25 000 polymer features extremely high stretchabil-
tity (elongation 48000%) and rapid self-healing performance
at 25 1C (within 60 s), and therefore might be useful as a self-
healing sealant. First, we evaluated the adhesion behavior of
BTA-PDMS-25 000 sealants. Lap shear testing was performed to
determine the shear strength of the tested sample based on the

ASTM F2255-05 standard.28,51,52 As illustrated in Fig. 6a, we
continuously pressed two pieces of substrates coated with our
BTA-PDMS-25 000 adhesive layer for 24 h before the subsequent
typical tensile stress–strain tests. Fig. 6b demonstrates that the
as-prepared BTA-PDMS-25 000 sealants show high adhesive
strength to various kinds of substrates. The corresponding
adhesive stress values of different substrates were measured
to be 39.4 � 5.7 kPa for polyvinyl chloride (PVC), 97.3 � 7.8 kPa
for polyethylene terephthalate (PET), 141.2 � 13.2 kPa for
polypropylene (PP), 318.6 � 30.1 kPa for glasses, and 636.8 �
49.6 kPa for iron plates, respectively. The comprehensive adhe-
sion performance of our BTA-PDMS-25 000 enables it to be
extensively used for sealing various kinds of objects, which is
the most desirable property of commercial sealants.

Furthermore, we performed modified desiccator water
absorption experiments to qualitatively investigate the sealing
property of the obtained BTA-PDMS-25 000 and BTA-PEA-4000
sealants according to ASTM E96M-05 standard.29,53 As shown in

Fig. 5 Self-healing properties of BTA-PDMS-25 000 elastomers. (a) Optical microscope images of damaged and healed BTA-PDMS-25 000 under
ambient conditions. (b) Photographs illustrating the macroscopic cutting–healing–stretching procedure of BTA-PDMS-25 000 films at 25 1C. (c) Uniaxial
tensile tests and (d) self-healing efficiencies of BTA-PDMS-25 000 samples self-healed for different seconds under ambient conditions. (e) Stress–strain
curves and (f) healing efficiencies of BTA-PDMS-25 000 films healing for 30 s under different humidity environments at 25 1C.
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Fig. 7a and b, the water absorption of the open desiccator
containing 100 g anhydrous calcium chloride (dried at 200 1C
before use) was firstly measured to be 1.68% after being placed
at 60 � 2% RH and 25 1C for 48 hour. Then, the three
desiccators containing the same weight anhydrous calcium
chloride (100 g) were sealed with glass (closed), BTA-PDMS-
25 000, and BTA-PEA-4000 (control), respectively. After that, the
sealed desiccators were placed under the same controlled
condition (60 � 2% RH and 25 1C) for different durations to
examine the water absorptions (Fig. 7b). Attributed to the
excellent adhesion behavior, the prepared BTA-PDMS-25 000
sealant could tightly attach to the desiccator and maintain a
quite low water absorption of 0.16% after 48 h, which is
comparable to the closed one (0.14%). In contrast, the dryer
sealed with control sample BTA-PEA-4000 for 48 h had a water
absorption of 0.23%, which is 43.8 percent higher than that of
BTA-PDMS-25 000 sealants. In addition, for BTA-PDMS-25 000
and BTA-PEA-4000 sealed desiccators, we continually pricked
the sealant film with a syringe needle every two hours, giving
another two tested samples named as pricked-1 and pricked-2,

respectively (Fig. 7a). Surprisingly, although being continuously
destroyed by the syringe needle, the punctured BTA-PDMS-
25 000 sealant (denoted as pricked-1) can self-heal in seconds
without leaving any minor holes, resulting in very low water
absorption of 0.17% even after 48 h. In contrast, because of the
much slower self-healing rate and relatively poor adhesive
strength (Fig. S15, ESI†), the desiccator sealed with the pricked
BTA-PEA-4000 (denoted as pricked-2) exhibited 43 times higher
water absorption (0.75%) than that of the original (Fig. 7b). The
results qualitatively clarify the significantly different sealing proper-
ties of BTA-PDMS-25 000 and BTA-PEA-4000.

To further understand the sealing properties of BTA-PDMS-
25 000 and BTA-PEA-4000 and give a more intuitive comparison
between the two sealants, we performed a series of self-
designed water bag experiments. As shown in Fig. 8a, three
1 kg water bags without any sealant (left), sealing with control
sample BTA-PEA-4000 (middle) and BTA-PDMS-25 000 sealant
(right) were prepared, respectively. Subsequently, we used a
syringe needle to prick the water bags with a small hole
(diameter, 0.5 mm) and monitored the corresponding volume
of spilled water by graduated cylinders. As expected, after being
punctured for 30 min, the water bag without any sealant rapidly
spilled more than 50 mL of water. As for the water bag sealed
with BTA-PEA-4000, despite possessing ordinary self-healing
and sealing properties, approximate 15 mL of water gradually
drained out of the broken hole. Surprisingly, even after being
punctured for 72 h, the water bag sealed with BTA-PDMS-25 000
exhibited no water droplets spilled from the damaged area
(Movie S2, ESI†). Such an interesting phenomenon can be
ascribed to the following three reasons: (i) good adhesion
strength of BTA-PDMS-25 000 to the testing water bags which
are made of polypropylene (PP). (ii) High hydrophobicity of
BTA-PDMS-25 000 sealant with a 124.91 contact angle can
effectively inhibit the water molecule penetration at the damaged
area (Fig. 8b). (iii) The ultrafast chain mobility and sufficient
dynamics of imine bonds enable the punctured BTA-PDMS-
25 000 to self-heal immediately, resulting in persistent sealing
performance.

Because of the good adhesion strength to various substrates
as mentioned above, we inferred that the BTA-PDMS-25 000
sealant can be used to seal many other containers which are

Fig. 6 Adhesion behavior of BTA-PDMS-25 000 sealants. (a) Schematic
representation of standard lap shear test geometry. (b) Typical stress–
strain curves to evaluate the adhesive strength of BTA-PDMS-25 000
to different substrates at room temperature. Overlap area is equal to
25 � 12 mm2 and the samples were pulled at a speed of 1 mm min�1.

Fig. 7 Modified desiccator water absorption tests. (a) Photos of different
testing desiccators, including closed, open, BTA-PDMS-25 000 (denoted
as BTA-PDMS), pricked BTA-PDMS-25 000 (denoted as pricked-1), BTA-
PEA-4000 (denoted as BTA-PEA) and pricked BTA-PEA-4000 (denoted as
pricked-2). (b) Water absorptions of the test desiccators placed at 60 � 2%
RH and 25 1C for 24 and 48 h.

Table 1 Comparison of the self-healing performance of previous studies
and this study

Sample
Healing
temperature

Healing
time

Healing
efficiency Ref.

PDMS-TFB 25 1C 1 h 98.3 � 1.8% 20
PDMS-MeNNN-Zn 25 1C 30 min 94.7 � 2.8% 39
TUEG3 24 1C 6 h 90.8 � 1.6% 34
TPA-PDMS 25 1C 24 h 93.5 � 3.3% 37
GCP-3 70 1C 3 h 80.3 � 5.6% 38
PDMS-1 25 1C 4 h 95.0 � 2.8% 40
Fe-Hpdca-PDMS r.t. 48 h 90.0 � 3.0% 18
PA-SH 25 1C 2 h 98.1 � 1.6% 35
CL-PO-4 50 1C 24 h 83.6 � 4.7% 36
U-PDMS-Es 40 1C 20 min 86.3 � 3.5% 41
LP55-F 75 1C 2 h 90.6 � 1.3% 29
CB[8] 20 1C 5 h 91.2 � 4.8% 42
PHEMA-SWCNT r.t. 30 min 52.5 � 5.2% 43
MD50-T5 120 1C 10 min 97.0 � 2.0% 44
PU-C 90 1C, UV 40 min 94.0 � 1.5% 45
Zn2+-Mebip 220 1C, UV 30 s 100.0 � 36.0% 46
MHBE 100 1C 15 s 93.0 � 11.0% 47
Ni-Composite 50 1C 10 min 41.0 � 6.0% 48
BTA-PEA-4000 25 1C 12 h 83.6 � 3.3% Control

sample
BTA-PDMS-25 000 25 1C 60 s 99.3 � 4.6% This study
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made of different materials (glasses, iron, ceramic and so on).
For example, as shown in Fig. 8c, about 30 mL water continually
drained out of a broken beaker without BTA-PDMS-25 000 sealant
within 120 min. However, upon sealing the broken beaker with
our BTA-PDMS-25 000 sealant, no droplets dripped out even after
72 h (Fig. 8d, left). Then, we used a syringe needle to re-destroy the
BTA-PDMS-25 000 sealant with several small holes and monitored
the volume of water outflow for another 72 h. The digital pictures
shown in the right side of Fig. 8d clearly indicate that BTA-PDMS-
25 000 can completely self-heal the punctured holes in seconds and
therefore maintain its excellent sealing property (Movie S3, ESI†).
From the above results, we demonstrate how distinctive BTA-
PDMS-25 000 is among all reported sealants in the published
literature.28–31,51,53,54

Particularly, because of the superior chain mobility and
ultrafast dynamic reversibility of imine bonds in a BTA-PDMS-
25 000 polymer network, the prepared BTA-PDMS-25 000 sealants
can not only be recycled completely to their original state with
the assistance of solvents, but also reprocessed repetitively under
cold pressing for only 60 s (Fig. S18, ESI†).

4. Conclusions

In summary, a highly stretchable (elongation 48000%) and
rapidly self-healable polydimethylsiloxane elastomer, BTA-
PDMS-25 000, with excellent adhesion behaviors and persistent
sealing properties was successfully synthesized via one-pot
aldimine polycondensation. Unlike previously reported self-
healable elastomers, because of the existence of dynamic imine
bonds and highly flexible polymer chains in the crosslinking
network, the obtained BTA-PDMS-25 000 polymer films exhibit

the capability to efficiently self-heal under a variety of humidity
conditions within 60 s at 25 1C. Based on the extreme stretch-
ability, ultrafast self-healing performance, and good adhesion
strength to different substrates, the BTA-PDMS-25 000 elasto-
mer is perfectly suitable to be used as an industrial sealant.
As demonstrated by water absorption tests and self-designed
water bag experiments, the prepared BTA-PDMS-25 000 indeed
possesses surprising sealing properties and can completely self-
heal punctured holes in seconds to maintain its excellent
sealing property. We believe that this unique material will have
wide commercial applications in many fields, including electro-
chemical sensors,55,56 wearable electronics,57–63 and biomedical
sealants.28,30,54
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