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In this paper, a novel dual-activate hard segment strategy is proposed for the fabrication of polydimethylsiloxane (PDMS) based
supramolecular polymer (PDMS-PDITC-IPDI). The unique design endows the PDMS-PDITC-IPDI with high toughness (43.1-
24.5 MJ/m3), tensile strength (11.3—6.6 MPa) and elongation at break (730%—615%), and the mechanical properties and dynamic
property can be regulated by varying degrees of hard segment activation. Moreover, the PDMS-PDITC-IPDI polymers exhibit
excellent self-recovery property during successive loading-unloading processes. Additionally, both wettability damage caused
by O, plasma treatment and mechanical damage can be healed by simple heating, showing good hydrophobic recovery and self-
healability. Taking advantages of merits of the PDMS-PDITC-IPDI, the applications of the material as recyclable adhesive and

3D printing material are also investigated.
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1 Introduction

Benefitting from the unique molecular structure, poly-
dimethylsiloxane (PDMS) based materials exhibit fascinat-
ing hydrophobicity, flexibility and nontoxicity [1-3]. In
recent years, they are widely used in adhesives, sealants and
coatings, etc. [4—6]. High mechanical strength and toughness
are first required for these applications. Unfortunately, most
neat PDMS based materials usually show poor mechanical
properties, which makes them more likely to damage in their
service life and limits their practical applications. To address
this problem, people have tried to design PDMS materials
capable of healing themselves or recycling their wastes [7—
11]. Nevertheless, self-healing materials often involve in
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weak dynamic bonds and their mechanical properties are
often compromised. Mechanically strong and tough self-
healing materials are urgently desired but the preparation still
a challenge.

Regarding to robust and tough self-healing materials,
many design strategies have been proposed and demon-
strated. The most common approach is to introduce nano-
particles. However, the introduction of nanoparticles
involves complicated process of modification and dispersion
and has been confirmed to reduce polymer chain mobility,
thus decreasing the self-healability [12,13]. Another alter-
native method is to construct double-network systems.
Nevertheless, they often exhibit low self-healing efficiency
due to the presence of the permanent crosslinked network
[14-16]. Taking the balance of contradiction between me-
chanical properties and dynamic property into account, su-
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pramolecular hydrogen bonding strategy is promising and
frequently used. As typical supramolecular interaction, hy-
drogen bond has attracted more and more attention because
of'its flexible operability and tunable bond strength [17-20].
Theoretically, supramolecular self-healing materials could
realize infinite healing times, so they are more competitive in
practical applications [21]. Previous studies have shown that
introducing hydrogen bond units has a significant effect on
the mechanical properties due to the crystallization of hy-
drogen bond and micro-phase separation [22]. However,
excessive crystallization of hydrogen bond often results in
poor dynamic property, which is detrimental to self-healing
performance. In order to avoid the adverse effect of crys-
tallization, weak hydrogen bond unit and low hydrogen bond
density are usually adopted, but those results in a substantial
decrease in tensile strength [9,23]. Robust and tough self-
healing PDMS materials are still rarely reported. Xu et al.
[23] prepared a PDMS material via multiphase active
method. The tensile strength is less than 0.1 MPa. Wu et al.
[24] designed a supramolecular PDMS material by sacrificial
hydrogen bonds. The tensile strength is 2.6 MPa. Zhang et al.
[25] prepared a self-healing polysiloxane material via hier-
archical crosslinked networks. Although the tensile strength
is up to 8.6 MPa, the elongation at break is only 224%.

In addition to mechanical properties, multi-functionality is
also desired. Hydrophobic materials have potential applica-
tions in antifouling, self-cleaning and oil/water separation
fields [26,27], wettability recovery after chemical damage
can greatly expand their application value. However, a ma-
jority of reported self-healing materials can only repair me-
chanical damage, the surface wettability cannot be recovered
after chemical damage. Self-healing materials with wett-
ability recovery are still rarely reported [28,29]. 3D printing
is a novelty additive manufacturing technique to rapidly
create complex structures and geometries. Temperature and
UV-induced crosslinking are the overwhelming 3D printing
methods for silicone elastomers. These two methods in-
evitably involve curing agent, high temperature and many
other factors, which increase the complexity of 3D printing.
Especially for strong supramolecular polymers, high tem-
perature is more unavoidable due to the strong interaction.
Hence, it is imperative to design room-temperature 3D
printing silicone materials via a more facile approach.

Rational hard segment design can take into account the
above performances. In this work, we put forward a “dual-
activate hard segment strategy” by introducing aromatic ring
thiourea and urea units as hard segments. Due to the amor-
phous structure, thiourea units could break the crystalline
structure of the urea units and thus effectively prevents
crystallization. Meanwhile, urea units could disturb the
strong ©-nt stacking interactions between aromatic rings and
thus prevents excessive interaction. This dual-activate effect
can endow the material with appropriate dynamic property
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while sufficient to ensure mechanical strength. Different
from the previously reported improvement of self-healability
by introducing weak interactions or reducing hydrogen bond
density, in this strategy, we get the improved self-healability
via the mutual activation of two strong interaction units,
which avoids the sharp decline in mechanical strength that
might result from direct introduction of weak interactions.
This effectively reconciles the dynamic property and the
mechanical performance of the material. The obtained
PDMS materials exhibit different degrees of hard segment
activation by changing chemical composition, thus showing
tunable high mechanical properties. In addition, the PDMS
materials possess excellent self-recovery property. Upon
mechanical or surface chemical damage, they show high-
efficient repair of mechanical properties and surface hydro-
phobicity. Furthermore, due to the dual-activate design in the
hard segment, the prepared PDMS materials are also en-
dowed with additional high adhesive property and 3D
printing processability.

2 Experimental

Materials Bis (3-aminopropyl)-terminated poly(dimethyl-
siloxane) (H,N-PDMS-NH,, M, = 1000 g mol ') was pur-
chased from Heowns. Isophorone diisocyanate (IPDI) was
obtained from Rhawn Chemicals. p-phenylene diisothlo-
cyanate (PDITC) was purchased from Nine Ding Chemicals.
Anhydrous tetrahydrofuran (THF) and dimethylformamide
were supplied by Heowns. H,N-PDMS-NH, was dried under
reduced pressure for 2 h at 100°C prior to use. All other
reagents were chemically grade and used without further
purification.

Preparation of PDMS-PDITC-IPDI and control samples
PDMS-PDITC-IPDI was synthesized via a facile one-pot
procedure. First, H,N-PDMS-NH, was added in a three-neck
bottle and dissolved in THF. Then, a stoichiometric amount
IPDI and PDITC were dissolved in THF/DMF mixed solvent.
Subsequently, the mixture solution was added dropwise into
the above H,N-PDMS-NH, solution. The reaction was con-
ducted under nitrogen at 30°C. After being stirred 2 d, the
reaction solution was poured into a fluoridated mold for dry
and the polymer obtained (molar ratios of reactants: PDMS-
PDITC, ,-IPDI, 4, H,N-PDMS-NH,/PDITC/IPDI=1:0.1:0.9;
PDMS-PDITC, ,-IPDI, 3, H,N-PDMS-NH,/PDITC/IPDI=
1:0.2:0.8; PDMS-PDITC, ;-IPDI, ;, H,N-PDMS-NH,/PDITC/
IPDI=1:0.3:0.7; PDMS-PDITC, 4-IPD], s, H,N-PDMS-NH,/
PDITC/IPDI=1:0.4:0.6). Control samples PDMS-IPDI and
PDMS-PDITC were synthesized by a similar method (molar
ratios of reactants: PDMS-IPDI, H,N-PDMS-NH,/IPDI=1:1;
PDMS-PDITC, H,N-PDMS-NH,/PDITC=1:1). Due to the
poor re-solubility, PDMS-PDITC test sample was obtained by
hot-press at 120°C.
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Characterizations 'H-nuclear magnetic resonance (lH
NMR) spectrum was recorded on a AVANCE IIITM HD
400 MHz spectrometer (Bruker, China) at room temperature.
Gel permeation chromatography (GPC) measurements were
carried out by a Waters (USA) instrument equipped with 515
HPLC pump, eluted with THF at 1 mL/min and polystyrene
standards as reference. Fourier-transform infrared (FT-IR)
spectra were recorded on a Nicolet (USA) 6700 spectrometer
(attenuated total reflectance method) from 4000 to 650 cm .
Thermal gravimetric analysis (TGA) was carried out on a
Netzsch (Germany) STA449F3 thermal analyser (heating
temperature range: 40°C—700°C, heating rate: 10°C min ",
atmosphere: Ar). UV-vis transmittance spectra were re-
corded by an Agilent spectrophotometer with linearity cali-
bratn filter kit Cary 500. Differential scanning calorimetry
(DSC) tests were carried out on a Waters (USA) Q2000
(temperature range: —90°C to 150°C, heating rate:
10°C min ', atmosphere: N,). X-ray diffraction (XRD) tests
were conducted on a Bruker (Germany) D8 advanced dif-
fractometer, and the 26 were recorded from 10° to 70°.
Dynamic mechanical analysis (DMA) was measured using
TA (USA) Q800 instrument with a strain of 0.1% and a
frequency of 1 Hz, heating rate: 10°C min .

Mechanical tests Stress relaxation measurements were
performed with a SANS CMT4203 universal testing ma-
chine (China). The samples were applied to 100% strain and
relaxation time of the stress was 1000 s. The stress-strain
curves and loading-unloading cycles were obtained by using
a SANS CMT4203 universal testing machine with stretching
rate of 10 mm/min. The adhesion strength was obtained by
shear tensile test using a SANS CMT4203 universal testing
machine with stretching rate of 10 mm/min. The toughness
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was characterized by fracture energy, which is defined as the
area below the stress-strain curve. The recovery ratio was
defined by a ratio of energy dissipation after different resting
time to the initial cycle. The dissipated energy is defined as
the area of the hysteresis loop encompassed by the loading-
unloading curve.

Mechanical self-healing tests The polymer samples were
cut and then the damaged samples were placed in a poly-
tetrafluoroethylene dish for healing at 100°C. After standing
for several hours, the self-healed samples were tested. Self-
healing efficiency was characterized through the toughness.
Scanning electron microscope (SEM) images of the scratch
were obtained using a Hitachi (Japan) SU1510 tungsten fi-
lament scanning electron microscope.

Chemical self-healing tests O, plasma etching was
conducted by YZDO0S8-5C plasma cleaner (China). The power
of the cleaner was 50 W. The static water contact angles
(SWCA) before and after chemical damage was measured by
using a JC 2000D Water contact angle meter (China).

3D printing process The 3D printing process was carried
out via a modified core XY-double Z axis motion platform
with mechanical extrusion device. The high concentration
solution for 3D printing was prepared by dissolving the
PDMS-PDITC-IPDI (1.5 g) in THF (0.5 mL).

3 Results and discussion

3.1 Material design and characterization

In this work, PDITC and IPDI were chosen to fabricate
PDMS based supramolecular material based on the novel
dual-activate hard segment strategy. As shown in Figure 1(a),
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PDMS-PDITC-IPDI polymers were prepared with varied
molar ratios of PDITC and IPDIL. 'H NMR, FT-IR and GPC
data are provided in Figures S1, S2 and Table S1. The results
confirmed that the PDMS-PDITC-IPDI polymers have been
successfully synthesized. TGA test was also performed. The
result showed that the PDMS-PDITC-IPDI has excellent
thermal stability with initial decomposition temperature of
200°C (Figure S3).

To illustrate the concept of this strategy, two control
samples PDMS-IPDI and PDMS-PDITC were prepared.
PDMS-IPDI appears translucent due to the hard segment
crystallization, which was verified by the DSC test (Figure
S4). An obvious crystallization peak was observed on the
DSC curve of PDMS-IPDI. In contrast, no crystallization
peak was found on the DSC curve of PDMS-PDITC, sug-
gesting the amorphous state of PDMS-PDITC. We attribute
this phenomenon to the noncrystallizable zigzag thiourea
hydrogen bonds [30]. Further, XRD tests were performed to
demonstrate the amorphous or crystalline state of PDMS-
PDITC and PDMS-IPDI (Figure S5). Note that both PDMS-
IPDI and PDMS-PDITC show poor self-healability (Figure
S6). This could be attributed to the strong n-n stacking in-
teraction and crystallization-restricted chain mobility, which
greatly limits the activity of PDITC-PDITC linkages and
IPDI-IPDI linkages within hard segment. In this strategy,
PDITC and IPDI are implanted simultaneously. The PDITC
motifs could break the crystalline structure of IPDI motifs
and in turn IPDI motifs could prevent excessive n-r stacking
interactions. This synergistic effect results in increased hard
segment activity. DSC tests were conducted to investigate
the transition of PDMS-PDITC-IPDI from crystallization to
amorphous. As shown in Figure S7, crystallization peak was
not detected, indicating amorphous state of PDMS-PDITC-
IPDI. Besides, PDMS-PDITC-IPDI is transparent. A PDMS-
PDITC-IPDI film coating on glass slide exhibited an average
transmittance of more than 90% under visible light wave-
lengths (400-800 nm) (Figure S8).

FT-IR was applied to investigate the changes of hydrogen
bonding. As shown in Figure 1(b) and (c), there are two
characteristic peaks at about 1628 and 1512 cm ' for PDMS-
PDITC, ;-IPDI,. They are assigned to the stretching vibra-
tion of carbonyl group (C=0) and thiocarbonyl group (C=S),
respectively. Obviously, with the increase of PDITC ratio,
the C=0O peak shifted to a higher wavenumber with de-
creasing peak strength, while C=S peak shifted to a lower
wavenumber with increasing peak strength. It is well known
that higher wavenumber represents lower hydrogen bond
strength, indicating that hydrogen bonds begin to change
from order to disorder. The changes in peak position imply
change in hydrogen bond activity. At low PDITC ratio, the
carbonyl groups are dominant. So carbonyl groups are more
likely to form ordered urea-urea hydrogen bonds, which lead
to the lower wavenumber and higher peak strength. On the

Sci China Tech Sci

February (2021) Vol.64 No.2

contrary, abundant carbonyl groups make it difficult to form
ordered thiourea-thiourea hydrogen bonds, resulting in a
higher wavenumber and lower peak strength of thiocarbonyl
group. With the increase of PDITC ratio, the number of
thiocarbonyl group increased. The thiourea-thiourea hydro-
gen bonds are more likely to form in order. Meanwhile, the
urea-urea hydrogen bonds begin to change from order to
disorder.

In addition, hierarchical interactions may exist. The den-
sity functional theory (DFT) simulated calculation further
verified that hydrogen bonds in hard segment exhibited
different interaction energies (Figure S9). As a comprehen-
sive result, PDMS-PDITC-IPDI materials exhibit the acti-
vated hard segment. DMA test were performed to verify this.
As seen in Figure 1(d), intense peaks appear in the loss
modulus-temperature curves. The temperature correspond-
ing to the peak can be considered as the glass transition
temperature (7,) of the hard segment under dynamic vis-
coelastic conditions. Comparatively, PDMS-PDITC-IPDI
materials show lower T, of hard segment compared with
PDMS-IPDI and PDMS-PDITC. And the T, decreases with
the increase of PDITC ratio for PDMS-PDITC-IPDI, in-
dicating different levels of activation of hard segment. Stress
relaxation experiments were also carried out. As shown in
Figure 1(e). The results showed that the rate of stress re-
laxation of PDMS-PDITC-IPDI materials is faster than that
of PDMS-PDITC and PDMS-IPDI, implying the improved
hard segment activity. Notably, the rate of stress relaxation
increases with the increase of PDITC ratio, which is con-
sistent with the results of DMA tests. In conclusion, the
above results showed that the dual-activate hard segment
strategy is effective. The materials with different degree of
activation can be obtained by changing the ratio of PDITC,
which implies the tunable mechanical properties.

3.2 Mechanical properties of PDMS-PDITC-IPDI ma-
terials

The stress-strain curves of PDMS-PDITC-IPDI materials
were obtained by a universal tensile machine at a stretching
rate of 10 mm/min. As seen in Figure 2(a), PDMS-PDITC-
IPDI materials exhibit excellent mechanical properties. The
mechanical properties data are provided in Table S2. In
particular, the elastic modulus, tensile strength and elonga-
tion at break of PDMS-PDITC,,-IPDI, 5 are as high as 20.2,
11.3 MPa and 703%, respectively. The overall mechanical
performance is better than most self-healing polysiloxane
materials reported previously [31-44] (Figure 2(b), Table
S3). In terms of stretchability, the PDMS-PDITC-IPDI ma-
terials are significantly higher to the control samples PDMS-
PDITC and PDMS-IPDI. The elongation at break of PDMS-
PDITC and PDMS-IPDI are only 315% and 460% respec-
tively (see Figure S4). The increased stretchability can be
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Figure 2 (Color online) (a) Stress-strain curves of PDMS-PDITC-IPDI materials with different chemical composition; (b) comparison of mechanical
properties between our material and self-healing polysiloxane materials previously reported; (¢) comparison of toughness of PDMS-IPDI, PDMS-PDITC and
PDMS-PDITC-IPDI materials, the PDITC ratio of PDMS-IPDI and PDMS-PDITC are 0 and 1.0, respectively; (d) successive loading-unloading curves of
PDMS-PDITC-IPDI materials; (e) dependence of W,/W, and AW for PDMS-PDITC-IPDI materials at various PDITC ratios.

attributed to the weakened interactions caused by activated
hard segments. As can be seen from the stress-strain curves,
with the increase of PDITC ratio, PDMS-PDITC-IPDI ma-
terials showed a transition from plasticity to elasticity. For
PDMS-PDITC, ,-IPDI, 4, an obvious yield process can be
observed, indicating the plastic deformation. When the ratio
of PDITC increases to 0.4, PDMS-PDITC,,-IPD];¢ ex-
hibited an elastic behavior. The reason of this phenomenon
can be attributed to the improvement of hard segment dy-
namic property. When the content of PDITC is low, the
stronger hard segment interaction makes the material’s de-
formation recovery ability become worse, leading to plastic
deformation. As the content of PDITC increases, the inter-
action becomes less strong, which increases the ability of the
material to recover from deformation and thus exhibit elas-
ticity. As a result of the equilibrium between elasticity and
plasticity, the prepared PDMS-PDITC-IPDI materials ex-
hibited high toughness. Figure 2(c) shows the comparison
data of toughness between PDMS-PDITC-IPDI materials
and PDMS-PDITC and PDMS-IPDI. In terms of PDMS-
PDITC-IPDI materials, the toughness value increases first
and then decreases with the increase of PDITC ratio. When
the PDITC ratio is 0.2, the toughness reaches the maximum
of 43.1 MJ/m’. The toughness value is 2.1 times and 2.7
times that of the control samples PDMS-IPDI and PDMS-
PDITC, respectively.

To further investigate the energy dissipation behavior,
successive cyclic tensile tests for PDMS-PDITC-IPDI ma-
terials were conducted with a certain strain of 200%. The
hysteresis loop during the loading-unloading process reflects
the energy dissipation. As seen from Figure 2(d), all PDMS-
PDITC-IPDI materials showed significant hysteresis during
the first tensile cycle, indicating great energy dissipation
capacity. The second tensile cycles followed, but showed less
hysteresis. The energy dissipation capacity can be quantified
by the hysteresis ratio between successive two cycles
(W,/W)), where W, and W, represent the dissipating energy
of the first and second loading-unloading cycle, respectively
[45]. A higher hysteresis ratio represents lower energy dis-
sipation. The comparison of hysteresis ratio is shown in
Figure 2(e). With increasing PDITC ratio, the hysteresis ratio
exhibits a monotonically increasing trend, indicating de-
creasing energy dissipation capacity. The difference of hys-
teresis ratio likely attributed to the different yield behavior. A
more yielding material usually means a greater dissipation of
energy, thus leading higher energy dissipation capacity.

Self-recovery ability is the important property of materials,
particularly for those materials that involve back-and-forth
loading and unloading in practical use. Since PDMS-PDITC-
IPDI is physically crosslinked through hydrogen bonds, the
dissociated hydrogen bonds can be recovered under certain
conditions. Taking PDMS-PDITC,,-IPDI, 5 as an example,
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7-times successive loading-unloading cycles are performed.
During the loading-unloading tests, the strain gradually in-
creased from 50% to 600% and resting time is not allowed
between any two successive tensile cycles. As seen in
Figure 3(a), the material exhibited prominent hysteresis and
strain softening behavior. The hysteresis loops became larger
as the strain increases, and the maximum tensile strength of
each cycle is lower than that of the corresponding value in
the stress-strain curve. These results indicated the occurrence
of the internal fracture of the network by deformation. Be-
sides, the adjacent two hysteresis loops overlapped with each
other but the hysteresis loops did not completely coincide,
indicating that partial recovery can be achieved in the case of
energy dissipation caused by stretching. After the first
loading-unloading cycles, the material sample was placed at
room temperature for 24 h and then retested. Based on the
maximum tensile strength, 95% recovery was realized
(Figure 3(b)). Similar 5-times successive loading-unloading
cycles were carried out at small certain strain of 200%. After
resting 12 h at room temperature, the second successive
loading-unloading curves were almost completely recovered
to the first successive loading-unloading curves (Figure 3(c)
and (d)). To show the self-recovery performance more vi-
sually, the self-recovery process was recorded through digital
photos. As shown in Figure S10, cyclic tensile test was
carried on a material film of 14.0 mm in length. After the two
loading-unloading cycles, the length of the material film
increases to 19.0 mm. After resting for a period of time at
room temperature, the length eventually returned to 14.8 mm
after 5 h, indicating the good dimensional recovery. The self-
recovery ability was further quantitatively evaluated. As
shown in Figure 3(e), with the extension of the resting time,
the hysteresis loop was gradually recovered to the first
hysteresis loop. After resting for 4 h, the area of hysteresis
loops was largely recovered with the recovery ratio of 94%.
High temperature can accelerate the recovery process. As
shown in Figure 3(f), the recovery ratio is up to 95% just
after resting 30 min at 80°C. The above results demonstrate
the excellent self-recovery ability of the PDMS-PDITC-IPDI
material.

3.3 Self-healability and hydrophobic recovery of
PDMS-PDITC-IPDI materials

The dual-activate hard segment strategy also endows the
PDMS-PDITC-IPDI material with enhanced self-healability.
For a more intuitive demonstration of self-healing perfor-
mance, the scratch self-healability was evaluated by SEM
firstly. As can be seen from Figure 4(a), the original material
has a distinct scratch on its surface. After healed at 100°C for
60 min, the scratch disappeared completely, indicating the
excellent self-healability. For further quantitative evaluation
of self-healability, the PDMS-PDITC-IPDI material before
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and after self-healing was tested by mechanical tensile test.
Figure 4(b) shows the stress-strain curves of the healed
PDMS-PDITC,,-IPDI;; material with different healing
times. With the extension of healing time, both the elonga-
tion at break and tensile strength are gradually recovered.
The self-healing efficiency was provided in Figure 4(c). As
shown, a self-healing efficiency up to 90.7% was obtained
after healing at 100°C for 8 h. Furthermore, the self-heal-
ability of PDMS-PDITC-IPDI materials with different
PDITC ratio was investigated (Figure 4(d)). Uniformly, the
self-healing time of all materials is 8 h. As the PDITC ratio
increases, the self-healing efficiencies of PDMS-PDITC-
IPDI materials are 77.5%, 90.2%, 94.7% and 95.2%, re-
spectively. The difference of self-healing efficiencies can be
contributed to the fact that different levels of activation of
hard segment. However, for PDMS-IPDI and PDMS-
PDITC, the self-healing efficiencies are only 57.7% and
25.7%, respectively (see Figure S6). It is worth mentioning
that the prepared PDMS-PDITC-IPDI material was able to
recover its wettability after chemical damage. As shown in
Figure 4(e), the original PDMS-PDITC-IPDI material
showing good hydrophobicity with a static water contact
angle (SWCA) of 110°. To evaluate the chemical self-heal-
ability, the PDMS-PDITC-IPDI material was treated by O,
plasma etching for 1 min. Due to the oxidation of O, plasma
etching, the surface of etched material became hydrophilic
with a SWCA of 12°. Nevertheless, the hydrophilic surface
can completely recover its hydrophobicity after being heated
at 100°C for 30 min. At room temperature, the PDMS-
PDITC-IPDI material also showed a certain chemical self-
healability. The SWCA recovered to 70° in 12 h (Figure
S11). The hydrophobic recovery is attributed to the dynamic
activated hard segment and the mobility of the soft segment.
During the heat treatment, these polar groups were diffused
into the material interior and the PDMS segments migrated
to the surface via thermodynamically driven rearrangement,
leading the recovery of hydrophobicity. The restorable
wettability endows the material with great application po-
tential in the field of hydrophobic coating.

3.4 Multifunctional applications of PDMS-PDITC-
IPDI

Given the combination of so many excellent performances in
mechanical and chemical aspects, the prepared PDMS-
PDITC-IPDI material has the potential for use in various
industrial applications. The comprehensive performance
comparison is provided in Table S3. Besides, our materials
are soluble in various organic solvents (Figure S12), while
other supramolecular hydrogen bonding materials with such
high strength are usually insoluble due to the strong inter-
action energy. The excellent solubility endows the PDMS-
PDITC-IPDI material with desired recyclability and makes it
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Figure 3 (Color online) (a) 7-times successive loading-unloading cycles of PDMS-PDITC,,-IPDI, 5 and (b) the retested cycles after resting for 24 h at
room temperature; (c) 5-times successive loading-unloading cycles of PDMS-PDITC,,-IPDI 5 and (d) the retested cycles after resting for 12 h at room
temperature. The self-recovery of the loading-unloading curves of PDMS-PDITC,,-IPDI 5 for different resting times at (e) 25°C and (f) 80°C, respectively.

more operable in practical applications. Taking advantage of
the unique features of PDMS-PDITC-IPDI, we first use it as
transparent, recyclable adhesive for glass (Figure S13). The
PDMS-PDITC-IPDI materials were placed between two
glass plates and pressed to produce a uniform film by heat-
ing. Subsequent cooling to room temperature enabled the
reformation of the hydrogen bonding network of PDMS-
PDITC-IPDI. The adhesion strength was evaluated. As seen
in Figure 5(a), with the increase of PDITC ratio, the adhesion
strength increases first and then decreases. PDMS-PDITC, ;-
IPDI, ; showed the highest adhesion strength of 7.1 MPa.
The possible reason is that when the ratio of PDITC is low, it
is difficult to break more hydrogen bonds during the heating
process due to its relatively low hard segment activity. With

the increase of PDITC ratio, it is more likely to break hy-
drogen bonds during heating, thus obtaining higher adhesion
strength. For PDMS-PDITC,,-IPDI,4, the low adhesion
strength may attribute to relatively low mechanical property.
In summary, the PDMS-PDITC-IPDI materials exhibited
outstanding adhesive property comparable to other reported
adhesives [46].

Our materials are 3D-printable at room temperature. In-
stead of universal high temperature extrusion 3D printing
technique, the PDMS-PDITC-IPDI material can be printed
through direct ink writing (DIW) 3D printing method,
avoiding the possible impact of high temperature on material
properties. Firstly, the PDMS-PDITC-IPDI material was
dissolved in THF to prepare a high concentration solution.
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Figure 5 (Color online) (a) Comparison of adhesive strength between PDMS-PDITC-IPDI materials and PDMS-IPDI; (b) 3D-printed PDMS-PDITC-IPDI
square grid; (c) the microphotograph of the 3D-printed PDMS-PDITC-IPDI square grid.

Then the solution was poured into a syringe mounted on a 3D
printer. During the printing process, THF rapidly volatilized
to ensure the dimensional stability. As shown in Figure 5(b),
an 8 layers PDMS-PDITC-IPDI square grid was printed.
Interlaced lines could be seen from the digital photograph for
the 3D-printed material, showing the good 3D printing di-
mensional stability (Figure 5(c)). A video was provided in
movie S1 to show the printing process. The facile 3D
printing processability endows our material with broad ap-
plication potential.

4 Conclusion

In summary, a novel dual-activate hard segment strategy is
proposed for the fabrication of robust, tough, recyclable,
chemical and mechanical healable polydimethylsiloxane

based supramolecular material with 3D printing processa-
bility. The as-prepared PDMS-PDITC-IPDI materials ex-
hibit tunable high toughness (43.1-24.5 MJ/m3), tensile
strength (11.3-6.6 MPa) and elongation at break (730%—
615%) and possess excellent self-recovery capacity. More-
over, the PDMS-PDITC-IPDI materials show good me-
chanical self-healabiliy and hydrophobic recovery after
chemical damage. The mechanical healing efficiency based
on toughness reach above 90% within 8 h at 100°C. A
scratch on the material surface can be completely healed
within 30 min. After chemical damaged, the wettability of
the material can restore to the original hydrophobic state
within 30 min. As an exploration of the application, the
materials are used as transparent, recyclable glass adhesive.
The adhesion strength is up to 7.1 MPa. And the materials
are 3D-printable at room temperature via a facile DIW 3D
printing method. All the aforementioned properties make the
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PDMS-PDITC-IPDI materials have great potential as a green
functional material for sustainable development.
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