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The superior self-healing elastomers were readily prepared by
free-radical copolymerization of Methoxyethyl acrylate (MEA) and
N,N-dimethylacrylamide (DMAA). The synergistic interaction
between the shape memory effect and the reversible weak
hydrogen bonds lead to the excellent self-healing properties and
high mechanical strength of the elastomers. By taking advantage
of the two outstanding performances, we demonstrated that
various novel two-dimensional (2D) and three-dimensional (3D)
shape memory devices can be designed delicately on the basis of
self-healing mediated assembly of the elastomers as building
blocks. This assembly method to combine self-healing and shape
memory properties might open a promising avenue for design and
fabrication of 3D complex-shape smart devices.

Self-healing polymeric materials are under intense investigation due
to their self-repair ability which would significantly extend
material’s lifespan, improve product safety, and ensure
sustainabilityl’z. For these purposes, a variety of approaches have
been developed to obtain self-healing elastomers’. Over the past
decade, two kinds of conceptual self-healing, namely extrinsic
systemA'Gand intrinsic system7’8, have been reported. The last one
based on reversible bonds has recently attracted much more
attention not only due to their automatic and intrinsic healing
nature, but also for their easily modification and wide applicationsg.
The reversible bonds including non-covalent’®*? or dynamic
covalent bonds®**can reversibly rupture and reform to provide
self-healing capability. For example, with heat'®" or light
irradiationls'zo, the reversible bonds at damaged areas can be re-
established, thus resulting in the polymer chains to diffuse and re-
entangle above the glass transition temperature (T,), hence
enabling polymer to achieve healing.

To date, much effort has been devoted to stiff materials and
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composites. However, limited approaches have been developed to
design self-healing elastomers. Such materials are highly desirable
towards replacement of conventional rubber as biomedical
devicesn‘zz, stretchable  conductive wiresza‘u, protective
coatingszs‘ze, sealing agent527, etc. For the reported self-healing
elastomerszs'ao, the complicated molecular design and time-
consuming synthesis process were required usually in order to
achieve high healing efficiency. In addition, these self-healing
elastomers generally exhibited weak mechancial strength, which
limits their practical applicationszz. Hence, developing a simple
method to obtain intrinsic self-healing elastomers with both high
healing efficiency and high strength still remain a great challenge.

Recently, shape memory polymers (SMPs), as a smart material
which can recover to the permanent shape from a temporary one
upon an external stimulus31‘32, have been developed to improve the
self-healing process by closing mechanical damage or crack based
on shape memory effect®. For example, Mather and coworkers
reported a new strategy of healing mechanism based on shape
memory assisted self-healing polymers (SMASH), which are
contributed to diffusion and rebonding of polymer chain at damage
areas above T,’°. Sodano and coworker demonstrated the self-
healing of the thermoresponsive polyurethanes by using shape
memory effect to close cracks without external forces®. However,
the healing process is only effective for the minor crack or scratch in
the specimens, and is unsuitable for complete cutting specimens.
Thus, exploiting new types of SMPs with the cut self-healing ability
is important for the practical application. On the other hand, many
elastomers showed the excellent shape memory performance,
which is expected to improve their self-healing efficiency.
Furthermore, taking advantage of self-healing elastomers with
shape memory behavior as building blocks is of particular interest
for creating 3D responsive material structures, especially 3D shape
memory devices, which are difficult to be fabricated by
conventional polymer processing methods®’.

Herein, we described a facile method for the rapid fabrication
of intrinsic self-healing elastomers by combining free-radical
copolymerization of two common monomers in aqueous solution
and subsequent dry treatment. We reasoned that the self-healing
capability of the elastomers results from the synergistic interaction
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Figure 1. (a)Synthetic route of MD copolymer; (b) Schematic illustration of the
self-healing process of MD copolymer elastomers.

between shape memory effect and the reversible weak hydrogen
bonds. Meanwhile, the elastomers show excellent shape memory
effect and high mechanical strength. Moreover, the healable ability
of the elastomers enables the cut rod-like specimens which act as
building blocks to assembly into versatile 2D and 3D shape memory
devices. We expect that the complex 3D responsive structures
constructed by self-healing mediated assembly will be useful in
applications that explore high value added devices of stimuli-
responsive materials.

The detailed synthesis procedures for the elastomers can be
found in experiment sections. Briefly, the appropriate amount of 2-
Methoxyethyl acrylate (MEA) and N,N-dimethylacrylamide (DMAA)
were added in ultrapure water with N, gas bubbling for 1 h to
remove any soluble O,. After vigorous stirring for another 15 min,
the solution was cooled to 0 ‘C before catalyst (TEMED, 8 uL) and
initiator (0.01 g in 0.5 ml water) were added. Finally, the final
mixture was transferred to a tailored glass tube and polymerized at
60 C for 12 h to obtain the wet samples. The obtained samples
were washed thoroughly with distilled water to remove the
unreacted monomer and other impurities. The resulting samples
were subsequently dried at room temperature for 24 h followed by
drying for 24 h at 80 C under vacuum in order to obtain the
elastomers (Figure 1a described the preparation scheme). MEA and
DMAA are chosen as two monomers of copolymerization (The Tgs of
PMEA and PDMAA are -34 ‘C and 124 °C , respectively) . The
codes for the resultant samples were defined as MDx by the mole
fraction of DMAA, where x =100 X ([DMAA]) / ([DMAA] +
[MEA]). The shape memory behavior in MD copolymer system is
likely contributed to the physical crosslinks by polymer chain
entanglements, which set the permanent shape and the switching
segments (motion of polymer chains) serve as reversible domains
with a thermoreversible phase transition based on T,. For our self-
healing MD system, the pendent amide carbonyl group and
methoxy group are capable of forming dynamic networks based on
the weak hydrogen bonds interactions, having both weak hydrogen
bond donor and hydrogen bond acceptor functionalitysg. When the
elastomer is subjected to external damage (e.g., cut), the polymer
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chains diffusion across the fractured interfaces can be act as the
primary driving force for repairing, and the polymer chain
entanglment interactions assisted with weak hydrogen bonds bear
the responsibility of restoration for the mechanical strength.
Although the interactions are very weak, the pervasive net-work of
dynamic weak hydrogen bonds can afford mechanical robustness
on the relevant timescales (as illustrated in Figure 1b)4°. Therefore,
with the assistance of weak hydrogen bonds, diffusion and
entanglement of polymer backbones affords spontaneous self-
healing behavior.

The presence of hydrogen bonds within the polymer was
confirmed by FT-IR spectra and temperature-variable FT-IR spectra.
As shown in Figure 2a, the spectra were dominated by two sets of
absorption bands (1728 cm™, 1635 cm'l) corresponding to
stretching vibrations of ester carbonyl group and amide carbonyl
group. It is evident that the peak of amide carbonyl clearly shifts to
1635 cm™ from 1645 cm'l(neat PDMAA)“. One possible cause for
this shift is the interchain dipolar interactions between the dipolar
groups (amide carbonyl, methoxy group) of adjacent molecular
chains. In order to further confirm and understand the nature of
specific interactions between the methoxy group and carbonyl
group, the temperature-variable FTIR spectroscopy for MD50 film
was conducted, as shown in Figure 2b. With increasing temperature,
the C=0 stretching band shifts to large wavenumbers, and from
1654 cm™ to 1658 cm™ for amide carbonyl group, due to the broken
of the weak hydrogen bonds between amide carbonyl group and
methoxy group. All results suggested the existence of weak
hydrogen bond interactions between the methoxyl group and
amide carbonyl group, and the weak hydrogen bond interactions
could improve self-healing ability due to its reversible characteristic.

With the increasing of DMAA molar fraction, the glass
transition temperature of the resulting copolymers have also
changed as confirmed by their dynamic mechanical analysis (DMA)
tests™. In specific, the polymer of MD45 has a T, of 14.2 C, while
the T, of MD50 and MD55 increased to 22.2 ‘Cand 35.4 T,
respectively (Figure 2b). The T, value of MD50 was close to that of
differential scanning calorimetry in Figure S2. It is worth noting that
the tand curves of all samples depended on temperature display a
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Figure 2. (a) FT-IR spectra of the PMEA, PDMAA, and MD50; (b) original FT-IR
spectra, difference spectra of MD50 film as temperature increased from 30 °C to
110 °C; (c) DMA profiles of MD45, MD50, and MD55 elastomers.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



- RSCIAdvances: |-l

Journal Name

Figure 3. Photographs showing the self-healing behavior of MD50 elastomer:
(a) two isolated blocks; (b) the fractured surfaces were contacted and healed; (c)
the healed sample can bear stretching to about 250% strain without failure. The
scale bar was 1 cm for all images.

sharp peak, which is required for a good SMP using temperature as
the switch model®. Since the lower glass transition temperature,
the MD copolymers can be reversibly molded into various shapes at
elevated temperature. Besides, as mentioned above, the motion of
the polymer chains above T, would provide the primitive driving
force for self-healing behavior. And we found that such MD
copolymers can self-heal at elevated temperature without any need
of healing agent.

The self-healing phenomenon was shown with the pictures in
Figure 3. The cylindrical sample of 3 mm diameter was cut into
completely two separate blocks using a razor blade, one of which
contains a red pigment for visualization, and then the two halves
were bought into contact. After healing for 12 h at 90 C, the
physical interface between the damaged surfaces were completely
healed. The joint between the two blocks is strong enough to
sustain large stretching (~250% strain) without failure. The healing
process of the cut sample was observed using optical microscope,
and the representative images were shown in Figure S3. The results
indicated that the shape memory effect of elastomers during
healing process favored the closure of the cracks and the following
self-healing by chain’s diffusion and entanglement assisted with
weak hydrogen bonds.

To further quantitatively evaluate the self-healing performance
of the MD system, tensile stress-strain tests were performed on the
virgin and self-healed specimens of MD45, MD50, and MD55. The
mechanical properties and self-healing efficiency of samples are
summarized in Table S1. As shown in Figure 4a, with increasing of
molar ratio of DMAA (from 45% to 55%), the tensile stress rapid
increased from 5.0 MPa to 14.4 MPa, and the Young’s modulus
increased from 35.0 MPa to 52.0 MPa, while the elongation at
break decreased from 620% to 375%. The tensile tests for three
healed samples revealed a similar trend, the fracture stress and the
Young’s modulus increased, while the elongation at break
significantly decreased. For all healing samples, stress-strain curves
show characteristic thermoplastic elastomer behavior and follow
closely the shapes of the original uncut samples, and the optimal
healing of up to 98.2% recovery of tensile strength relative to a
virginal sample for MD50 elastomer. Comprehensively, MD45 is the
most extensible and MD55 is the stiffest and strongest, but MD50

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

seems to have the most impressive self-healing property. It is worth
noting that the tensile strength of our self-healing elastomers is
superior of that of most reported self-healing elastomers with less
than 5.0 MPa. Even though some previously reported self-healing
polymers owned high strength but they were not elastic.
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Figure 4. The typical tensile stress-strain curves of virgin and self-healing
samples with different molar ratio of DMAA (a), healing times (b), healing
temperature (c), and waiting time before fracture surfaces being putting together

(d).
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To get more insight into the underlying mechanism of self-
healing, we investigated the impact of a number of parameters on
the self-healing performance such as healing time, healing
temperature, and waiting time of the cut specimens before being
brought into contact. Initially, longer healing times lead to better
healing. As shown in Figure 4b, the healing efficiency significantly
improved with extending the healing time, and optimal healing of
up to 98.2% recovery of tensile strength of virgin sample. Indeed,
after healing for 2 h, the MD50 sample can be healed up to about
60% of its original tensile strength, which indicated that more than
half self-healing process occurred within the two hours after
bringing the two cut pieces back in contact.

For self-healing polymer materials, factors which promote
diffusion of polymer chains lead to the increase of self-healing
efficiency. As shown in Figure 4c, the fracture stress, elongation,
and self-healing efficiency of MD50 remarkably increased with
the raising of temperature due to the accelerating motion of
polymer chains. Like most of self-healing materials that rely on
hydrogen bonds, the self-healing efficiency of our samples of MD50
elastomer rapid decreased when the two fractured surfaces are left
apart for as short as several hours. As illustrated in Figure 4d,
several samples of MD50 were cut and kept apart for different
durations, and the self-healing efficiencies were subsequently
tested after being healed. The fracture stress dropped to about 7.0
MPa (about 60% of tensile strength of virginal sample) after two
fractured surfaces were left apart for 24 h, while the elongation at
break dropped rapidly(only recovery of about 3% of its virgin
sample). This property could be contributed to the fast
recombination of weak hydrogen bonds, at the same time, hinder
the mobile of polymer chains, leading the decay of self-healing
efficiency.

The excellent self-healing capability of the elastomers enables
applications such as multi-dimensional assembly of devices,
especially constructing 3D responsive materials structures. In Figure
5 a series of one-dimensional (1D), 2D, and 3D shape memory
devices from self-healing mediated assembly of MD50 elastomer as
building blocks were illustrated. Figure 5a shown that the 1D
permanent rod-like sample (sizes of 20 mm X3 mm) could be
healed and assembled above T, after being cut into two halves. The
reversible transition between the permanent shape and two
temporary shapes could be observed. The two temporary shape

were obtained by bending to “S” shape and stretching to about 250%

at 50 ‘C and cooling to room temperature. when heat to 50 C

again, the recovery of the permanent shape occurred in one minute.

Figure 5b showed the self-healing and shape memory behaviors of
triangle device constructed using three cut elastomer segments.
The assembled triangle was subjected to stretch with three
different directions and become larger reverse triangle. Then the
reverse triangle was fixed as the temporary shape at ambient
temperature, and could recover to the original shape after heating
to 50 C. Most importantly, we further demonstrated that 3D cubic
device could also be constructed from self-healing mediated
assembly by using 12 building blocks, which were obtained by
cutting the two long rod-like elastomers (see Figure 5c). The
assembled 3D cube based on self-healing process without any
healing agent was compressed into irregular temporary shape at
50 ‘C, and the temporary shape was fixed by cooling to room temp-

4| J. Name., 2012, 00, 1-3

Journal Name

(a)

Assemble || Healed

50°C § Stretch

()

Figure 5. The self-healing mediated multi-dimensional assembly of MD50
copolymer elastomers: a) 1D assembly, the rod-like samples was cut into two
pieces and subsequent assembly into 1D rod-like structure, which was bent and
stretched at 50 °C; b) 2D assembly, the rod-like sample was cut into three
building blocks and assembled into a 2D triangle shape, which was stretched
with three different directions for shape fixation at room temperature and then
recovered to the initial shape at 50 °C; c) 3D assembly, two rod-like samples
were cut into 12 building blocks, which were used to assembly into a cubic
device. The assembled cube was compressed into the temporary shape at 50 °C,
and the temporary shape was fixed at ambient temperature and the permanent
cubic shape was recovered gradually at 50 °C in 75 s. The scale bar was 1cm
for all images.

erature. The permanent cubic shape was recovered gradually with
the heating time, and almost accomplished recovery in 75 s. In
addition, it should be noted that the assembled cube can bear load
of 400 times the weight of itself without failure (Figure S5). Thus,
the self-healing mediated assembly method enables the
construction of one dimensional structure into versatile three
dimensional devices, especially 3D shape memory devices, which is
otherwise difficult to do with conventional fabrication method.
These results suggest that the developed MD50 copolymer
elastomer may have a great potential applications ranging from
self-healing materials to 3D responsible devices.

In summary, we have developed a simple and effective
strategy for designing novel self-healing elastomers with superior
shape memory performance and excellent mechanical properties,
based on facile copolymerization of two common monomers MEA
and DMAA. It is worth noting that compared with the previous
reported self-healing elastomers, our MD elastomers after healed
shows higher strength and modulus. Also, the resultant elastomer
exhibits excellent self-healing properties with 98% recovery.
Furthermore, by combining high healing efficiency and high
strength of the elastomers, a series of 1D, 2D, and 3D shape
memory devices can be easily constructed from self-healing
mediated assembly of MD50 elastomer as building blocks. In
particular, we have demonstrated the first example of 3D shape
memory device based on assembly of self-healing elastomers.
These high strength self-healing elastomers and shape memory
devices would have potential applications in soft smart materials.

This journal is © The Royal Society of Chemistry 20xx
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