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ABSTRACT: We prepared the composite gels from polymer-brush-afforded silica
particles (P-SiPs) and an azobenzene-doped liquid crystal, and investigated their inner
structure, dynamic viscoelastic properties, thermo- and photoresponsive properties, and
self-healing behaviors. It was found that the composite gels had a sponge-like inner
structure formed with P-SiPs and exhibited good elastic property and shape
recoverability. The surface dents made on the composite gel could be repaired
spontaneously at room temperature. Moreover, the composite gel exhibited a gel−sol
transition induced by the trans−cis photoisomerization of the azo dye, and the
transition could be used as a mending mechanism for surface cracks. Consequently, we
successfully developed a material exhibiting two types of self-healing abilities
simultaneously: (1) spontaneous repair of surface dents by means of the excellent
elasticity of the composite gel and (2) light-assisted mending of surface cracks by
photoinduced gel−sol transition.
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1. INTRODUCTION

Over the past decade, self-healing materials have attracted a
great deal of attention owing to their potential ability to extend
the lifetime of products.1−3 So far, several materials that can
heal cracks and cuts have been proposed on the basis of various
approaches, such as utilization of encapsulated-polymerizable
mobile phases to fill up cracked areas1−4 and dynamic covalent
or noncovalent bonds that show recombination at the contact
plane of cutting sections.3,5−9 In addition, morphological
changes of materials such as a gel−sol transition would be
potentially applicable to a healing mechanism of surface
cracks.10−14 On the other hand, the repairing of surface dents
was achieved using several polyurethanes and supramolecular
materials.15 In addition, self-healing of internal delamination
damages in fiber-reinforced composites by the microvascular
delivery of reactive fluids was recently reported.16 An ideal self-
healing material can heal various mechanical damage, such as
cracks, cuts, dents, and delamination, made on/in a single
material spontaneously or with the aid of external triggers such
as light or heat. At present, materials that can thermally heal
cuts and dents in a material have been realized with the use of
hyperbranched polymers.17 However, the development of
materials with multiple self-healing abilities is still a significant
challenge.
Recently, gel materials using liquid crystals (LCs) as host

matrices have been extensively studied as novel materials for

electro-optic applications.18−21 In our previous study, we have
proposed an application of LC gels to self-healing materials and
successfully demonstrated light-assisted mending of surface
cracks by photochemical gel−sol transition of composite gels
consisting of LCs, an azobenzene compound, and cross-linked
polymer particles made from polystyrene and divinylben-
zene.22,23 However, the composites had low mechanical
strength and exhibited a rather plastic behavior. Therefore,
unfortunately, surface dents made on the composite gels could
not be repaired. In this study, we used the polymer-brush-
afforded silica particle (P-SiP)24 as a particle component of the
composite gels to improve their elastic nature. The P-SiP is a
core−shell particle in which the core is a monodisperse
spherical silica particle and the shell consists of poly(methyl
methacrylate) (PMMA) chains densely grafted on the core via
an atom transfer radical polymerization (ATRP) method. A
nematic LC material (4-pentyl-4′-cyanobiphenyl (5CB))
containing the P-SiP exhibited a self-supporting gel at room
temperature. Subsequently, we investigated the structural
properties, thermo- and photoresponsiveness, and dual self-
healing abilities (spontaneous repairing of surface dents and
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light-assisted mending of surface cracks) of P-SiP/5CB
composite gels containing an azobenzene compound.

2. EXPERIMENTAL SECTION
2.1. Materials. The P-SiP (Figure 1a) was synthesized by a

surface-initiated ATRP of methyl methacrylate on spherical

silica cores (d = 130 nm), as reported previously.24 The
molecular weight of the grafted PMMA chains was approx-
imately 248 000 g mol−1. The surface density of the grafted
PMMA chains is typically 0.6−0.7 chain/nm2.25 The diameter
of the P-SiP was 650 nm, determined by dynamic light
scattering measurements (Zetasizer Nano ZS, Malvern Instru-
ments Ltd., UK) in acetone at 25 °C. The volume of a single P-
SiP is roughly estimated as (0.3−1.2) × 10−12 cm3 from
scanning electron microscope and dynamic light scattering
experiments. A nematic LC (4-pentyl-4′-cyanobiphenyl (5CB,
Figure 1b) was purchased from Merck and used as supplied.
The clearing temperature (TC) of 5CB was determined as 35
°C by polarizing optical microscopy. An azobenzene compound
(4-butyl-4′-methoxyazobenzene (BMAB, Figure 1b)26 was
prepared according to conventional synthetic routes and used
as a photoresponsive additive.
2.2. Preparation of Composite Gels. A toluene

dispersion of P-SiP and 5CB was weighed in a glass vial, and
toluene was evaporated under reduced pressure at 60−70 °C.
The resulting composite was subsequently heated at 100 °C
and vigorously mixed, where the composite showed the sol
state. The composite was then cooled to 25 °C to induce gel
formation. In the photoresponsive studies of the composite
gels, we added an appropriate amount of BMAB to the P-SiP/
5CB composite gels. In this study, the concentration of the P-
SiP was adjusted to 10 wt %. Each composite gel was kept
overnight at 25 °C before each experiment was performed.
2.3. Scanning Electron Microscope (SEM) Observa-

tion. The P-SiP/5CB composite gel was soaked in hexane and
dried repeatedly to remove 5CB from the composite gel. The
prepared xerogel was cut through and coated with 2 nm Pt−Pd
particles. The cutting plane of the xerogel was observed on an
SEM (S4300, Hitachi High-Technologies, Tokyo, Japan).
2.4. Optical Microscope Observation. The optical

textures of the composite gels were observed using an optical

microscope (BX51, Olympus, Tokyo, Japan) with cross-
polarized and phase-contrast modes.27 The composite gels
were put into the evaluation cells with its space of 30 μm and
no surface coating. The temperature was controlled by a hot
stage (FP80 + FP82, Mettler-Toledo, Tokyo, Japan). The
textures were observed with and without the irradiation of a
focused UV beam (wavelength = 365 nm, 1.6 mW/cm2).

2.5. Dynamic Viscoelastic Properties. In a rheometer
(MCR302, Anton-Paar Japan, Tokyo, Japan) with a parallel-
plate type geometry (plate diameter = 12 mm), the composite
gel placed between plates was heated to sol state and the gap
between the plates was adjusted to an appropriate value. Next,
the composite gel was cooled to room temperature and left for
1.5 h. Subsequently, the composite gel was heated to 34 °C,
and the gap was readjusted to an appropriate value. The
dynamic storage (G′) and loss (G″) moduli of the P-SiP/ /5CB
composite gel were measured at 25 °C (strain = 0.1%). In the
photoresponsive studies of the composite gels, we measured
both moduli of P-SiP/BMAB/5CB composite gel (BMAB = 5
mol %) at 34 °C (strain = 0.1%; frequency = 1 Hz) with and
without irradiation of UV light (wavelength = 365 nm, intensity
= 180 mW/cm2).

2.6. Spontaneous Repairing of Surface Dents. A digital
force gauge (FGP-50, Nidec-shimpo, Kyoto, Japan) with a tool
in slotted screwdriver form (the contact surface was 0.3 mm ×
10 mm) was pressed onto the molded composite gels at 25 °C.
After removing the mechanical stress, the repair process of the
resulting surface dent was investigated at 25 °C by visual
observation.

2.7. Light-Assisted Mending of Surface Cracks. The
cracked area made on P-SiP/BMAB/5CB composite gel was
irradiated with a focused UV beam (wavelength = 365 nm, 8.5
mW/cm2) at 30 °C. Then, the UV-irradiated gel was
illuminated with visible light (wavelength = 450 nm, 40 mW/
cm2) at room temperature. The photochemical mending
behavior was investigated by visual observation.

3. RESULTS AND DISCUSSION
3.1. Inner Structures and Viscoelastic Properties of P-

SiP/5CB Composite Gel. First, we investigated the inner
structures of the P-SiP/5CB composite gel using a scanning
electron microscope (SEM). Figure 2a shows an SEM image of
the cutting plane of a xerogel prepared from the P-SiP/5CB
composite gel by removing the 5CB. It can be seen that the P-
SiP aggregates form a sponge-like structure that would
contribute to the solid-like nature of the P-SiP/5CB composite.
Interestingly, there was no significant shrinkage of the
composite gel even after removing the 5CB. Thus, a xerogel
was successfully produced from the P-SiP/5CB composite gel,
although a xerogel could not be prepared from the particle/LC
composite gels in previous reports22,23 because of the collapse
of particle assemblies caused by the removal of the LC matrices.
The inner structures of the P-SiP/5CB composite gel were
firmly supported by the interparticle entanglement of the
PMMA chains of P-SiPs. The length of the grafted PMMA
chains was long enough to form entanglement of the polymer
chains (molecular weight of grafted PMMA chain was 248 000
g mol−1).
The introduction of polymer chains onto the particle surface

had a significant influence on the viscoelastic parameters of the
particle/LC composite gels. The storage (G′) and loss (G″)
moduli of the P-SiP/5CB composite gel at 25 °C were 4.6 ×
104 and 5.2 × 104 Pa, respectively (strain = 0.1%; frequency = 1

Figure 1. (a) Schematic illustration of a P-SiP and (b) chemical
structures of liquid crystal (5CB) and an azobenzene compound
(BMAB).
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Hz). The G′ of the P-SiP/5CB composite gel (P-SiP
concentration = 10 wt %) was ten times higher than that of
particle/5CB composite gels (particle concentration = 28.6 wt
%) previously reported,22 in which the previous particle had no
chemically grafted polymer chains on its surface. The high G′ of
the P-SiP/5CB composite gel could be attributed to the
reinforcement of the sponge-like structures formed with P-SiPs
by the interparticle entanglement of PMMA chains.
3.2. Spontaneous Repairing of a Surface Dent. To

examine one of self-healing abilities, that is, spontaneous repair
of a surface dent, we performed mechanical stress tests with a
tool in slotted screwdriver form (the contact area was 0.3 mm
× 10 mm) at a given stress on the P-SiP/5CB composite gel at
25 °C. The composite gel was locally deformed by indentation
at a pressure of 3 MPa with the tool, at which the gel was not
broken (Figure 2b). Subsequently, after leaving the dented P-
SiP/5CB composite gel for 10 min, the dent completely
disappeared, indicating that the surface dent was repaired
spontaneously (Figure 2c). Although there are variations in the
breaking strength of the P-SiP/5CB composite gels depending
on preparation conditions such as room temperature, none of
the composite gels was broken by the indentation at pressures

below 1.5 MPa, and one of them could resist a pressure of up to
10 MPa (Supporting Information, Figure S1). If the composite
gel was not broken by the indentation, every dent made on the
gel disappeared spontaneously after removing the mechanical
stress within several tens of minutes at 25 °C. On the other
hand, when a previously reported particle/LC composite gel22

was subjected to an indentation, the composite gel was easily
broken by the indentation at a pressure below 1 MPa
(Supporting Information, Figure S2). The inferior mechanical
properties of the previously reported composite gels were
attributed to the brittle networks formed by weak physical
interactions between particles, which had no grafted polymer
chains on the surface. Thus, the composite gel could not
deform without the collapse of the networks. Such phenom-
enon has often been observed in a physical gel. In contrast, as
mentioned above, the P-SiP/5CB composite gels showed an
elastic nature despite being a physical gel, which suggests that
the network in the composite gel could be elastically deformed
with mechanical stress and return to an original state after
removing the stress.
It was previously reported that a nematic LC (7CB, 4-heptyl-

4′-cyanobiphenyl) acted as a plasticizer in a PMMA/7CB blend
system, and the glass transition temperature (Tg) of the blend
was shifted from 105 to 40 °C as the 7CB concentration
increased from 0 to 45 wt %.27 We determined here the second
virial coefficients of PMMA in isotropic LCs (5CB or 7CB) by
static light scattering and roughly confirmed that PMMA had
stronger affinity for 5CB compared to 7CB (see details in
Supporting Information). Therefore, we inferred that 5CB
would plasticize PMMA chains more efficiently. This implies
that Tg of free PMMA/5CB blends should be lower than that of
free PMMA/7CB blends. We believe that in the case of the P-
SiP/5CB composite gel, PMMA chains in the composite gel
would be plasticized by 5CB, so that the chains would show a
rubbery nature even at room temperature. The flexible PMMA
chains in the P-SiP/5CB composite gel would respond to
mechanical stress by their conformational change, and
entropically return to stable conformation after removing the
stress. Furthermore, in the sponge-like structure formed with P-
SiPs, we can consider that PMMA chains were cross-linked not
only physically but also chemically (Figure 2d). The physical
cross-linking points are interparticle entanglement points of
PMMA chains. The chemical points are the silica cores of P-
SiPs, on which one end of PMMA chains were chemically
bonded. The chemical cross-linking points would regulate the
spatial positions of the PMMA chains even if the physical cross-
linking points slide by the application of the mechanical stress.
Consequently, although the P-SiP/5CB composite gel was a
physical gel as mentioned above, the sponge-like structures
consisting of P-SiPs also behaved like a chemically cross-linked
rubber network. Therefore, compared with the previously
reported composite gels,22 the P-SiP/5CB composite gel
showed high mechanical strength and efficient repair of surface
dents. On the other hand, in the case of free PMMA/5CB
blends, while they had high storage modulus similar to that of
the P-SiP/5CB composite gel (Supporting Information, Figure
S3), a surface dent on the free PMMA/5CB blend was not
completely repaired within several tens of minutes (Supporting
Information, Figure S4). The reason the free PMMA/5CB
blend showed low elastic property against the indentation is
considered as follows. The inner structure of the blend only had
physical cross-linking points, that is, the entanglement points of
PMMA chains. The mechanical indentation could cause

Figure 2. (a) SEM image of a xerogel prepared from P-SiP (10 wt
%)/5CB composite gel. Photographs of P-SiP (10 wt %)/5CB
composite gel at 25 °C taken (b) immediately after being pressed with
a tool in slotted screwdriver form at 3 MPa and (c) 10 min after the
press. (d) Schematic illustrations of a sponge-like structure formed in
P-SiP/5CB composite gels.
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positional changes in the PMMA chains as well as the slide of
the entanglement points. Therefore, shape recovery of the
PMMA/5CB blend did not occur efficiently. The efficiency of
the spontaneous repair and the mechanical strength of the
composite gels will be greatly affected by the molecular weight
of the grafted PMMA chains and the particle concentration in
the composite gels. We tentatively found that the composite
gels exhibit poor viscoelastic and healing properties when the
molecular weight of the grafted PMMA chains was lower than
approximately 20 000. In addition, we have roughly estimated
that the minimum particle concentration required to obtain
self-supporting gels is approximately 5 wt %. Further studies on
the effects of the molecular weight of the polymer and the
concentration of P-SiP on the breaking strength and shape
recoverability of the P-SiP/5CB composite gels are in progress.
3.3. Thermal Properties and Gelation Mechanism of

the Composite Gels. Next, we investigated the thermal
properties of P-SiP/5CB composite gel (Figure 3). Macro-
scopically, a P-SiP/5CB composite was in the gel state at room
temperature, and was transformed into the sol state after
heating. The gel−sol transition temperature (TGS) was
estimated to be 43−45 °C. Subsequently, we investigated the
liquid-crystalline properties and microscopic morphologies of
the P-SiP/5CB composites by optical microscope observation
in crossed-polarized and phase-contrast modes. According to
the previous report,27 even if the difference in the refractive
indices between polymer and isotropic LC is not so large, the
phase separation between the two materials is clearly observed
in phase-contrast mode equipped with polarizer only. There-
fore, in this study, nematic−isotropic phase transition of 5CB
and phase separation between P-SiP and nematic 5CB can be
investigated by the crossed-polarized mode. In addition, the
phase-separated state between P-SiP and isotropic 5CB can be
distinguishable by means of the phase-contrast mode. The P-
SiP/5CB composite gel exhibited the nematic−isotropic phase
transition at 36 °C, which was almost identical to the clearing
temperature (TC) of pure 5CB. However, a heterogeneous
microstructure, which would originate from a phase separation
between P-SiP-rich and 5CB-rich phases, was observed until 45
°C, which coincided with the TGS. Therefore, we consider that
the gel state resulted from the formation of the heterogeneous
microstructure, which would correspond to a sponge-like

structure shown in Figure 2a. In a series of previous studies of
particle/LC composite gels, the gelation of LCs has been
generally explained by the formation of particle networks by the
expulsion of particles from LC domains on the isotropic−LC
phase transition.28,29 Consequently, the TGS of composite gels
coincided with the TC of LCs. However, in this study, the TGS
of a P-SiP/5CB composite gel was higher than the TC of 5CB
as mentioned above. This result indicates that the gel state and
the heterogeneous microstructure were observed even in the
isotropic phase of 5CB. Similar to a previous report by
Bukusoglu and co-workers,30 the phase separation between
particles and isotropic LC matrix was expected to also be
triggered by the thermodynamic instability of the composite
system consisting of P-SiP and isotropic 5CB. We presumed
that the interaction between the PMMA shell of P-SiP and
isotropic 5CB would affect the thermodynamic instability.
Actually, we estimated that the upper critical solution
temperature of PMMA was approximately 40 °C in 5CB
(Supporting Information, Figure S5), which was close to the
TGS (43−45 °C) of the P-SiP/5CB composite gel. Of course,
the thermal gel−sol transition and the transformation between
heterogeneous and homogeneous structures were reversible. In
a cooling process, the sol−gel transition and appearance of
heterogeneous microstructures were observed at almost the
same temperature as the heating process.

3.4. Photoresponsive Properties of Azo-Doped
Composite Gels. Subsequently, we investigated the photo-
responsive properties of P-SiP/5CB composite gels doped with
an azobenzene compound (4-butyl-4′-metoxyazobenzen,
BMAB) by polarized optical microscopy and rheological
measurements. The phase structures of LCs can easily be
modulated by trans−cis photoisomerization of azobenzene
compounds added to LCs as dopants.31 In this study, if the
nematic−isotropic phase transition was induced in a P-SiP/
5CB composite gel by the photochemical manner, the
contribution of nematic molecular ordering to free energy of
a P-SiP/5CB mixture would change significantly. In that case,
the photoinduced change of thermodynamic balance is
expected to induce the transformation between the heteroge-
neous (gel) and homogeneous (sol) states of a P-SiP/5CB
composite gel. Figure 4 shows the TC and the disappearance
temperatures of heterogeneous structures, which coincided

Figure 3. Thermal changes of microscopic and macroscopic states, and LC phases of P-SiP/5CB composite gels: (a−c) Optical micrographs of P-
SiP/5CB composite gel (P-SiP = 10 wt %) at each temperature (upper part); (a) in cross-polarized mode; (b,c) in phase-contrast mode.
Morphology changes in the composite gel are shown in lower parts.
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with the TGS, with and without the irradiation of UV light
(wavelength = 365 nm, intensity = 1.6 mW/cm2). The
temperatures were determined by microscopic observation of
P-SiP/BMAB/5CB composite gels (BMAB = 0−10 mol % for
5CB). Both temperatures of the azo-doped composite gels were
significantly reduced by the photoirradiation, which induced the
trans−cis photoisomerization. Here, at point A in Figure 4a,b,
we expect that the photoirradiation induces a transition from
the heterogeneous (gel) state to a homogeneous (sol) one of
the P-SiP/BMAB/5CB composite. Figure 5 shows the changes
in the optical textures and the viscoelastic property of the P-
SiP/BMAB/5CB composite gel (BMAB = 5 mol % for 5CB)
with irradiation of the focused UV beam (intensity = 0.05 mW)
at 34 °C (the experimental condition corresponded to point A
in Figure 4). In the cross-polarized mode (Figure 5a), we
observed that an optical texture in and around the irradiated
area changed into the dark state by the generation and diffusion
of the cis form of BMAB. This indicates that trans−cis
photoisomerization of BMAB caused the isothermal nem-
atic−isotropic phase transition of the LC matrix.31 With the
photoirradiation, we also found that the heterogeneous
microstructure in the irradiated area slowly disappeared for
several minutes in the phase-contrast mode (Figure 5b). Thus,

the trans−cis photoisomerization induced changes not only in
the phase structures of the LC matrix, but also in the
microscopic morphologies of the composite gel. Figure 5c
shows the rheology of the P-SiP/BMAB/5CB composite gel
(BMAB = 5 mol % for 5CB) under irradiation with UV light.
The initial G′ of the P-SiP/BMAB/5CB composite gel was over
103 Pa at 34 °C. With the irradiation of the UV light (intensity
= 180 mW/cm2), G′ slowly decreased and became 10 Pa or less
after 300 s. From macroscopic observations (inset of Figure
5c), we confirmed that the composite showed a liquid-like
nature after photoirradiation. As we expected in Figure 4, the
gel−sol transition of a P-SiP/5CB composite gel could be
successfully induced by means of the trans−cis photoisomeriza-
tion. The liquid-like P-SiP/BMAB/5CB composite induced by
UV light irradiation reverted back to the solid-like composite
after irradiation with visible light (wavelength = 450 nm,
intensity = 40 mW/cm2) and then leaving it at room
temperature without irradiation for 1 h (Supporting Informa-
tion, Table S1). The G′ values of the composite gel before UV
light irradiation and after visible light irradiation were 3.1 × 104

and 2.0 × 104 Pa, respectively (strain = 0.1%; frequency = 1 Hz;
temperature = 20 °C).

3.5. Dual Self-Healing Abilities of the Azo-Doped
Composite Gel. Finally, we demonstrated here the dual self-
healing abilities of the P-SiP/BMAB/5CB composite gel using
the improved elastic nature and the photoinduced gel−sol
transition of the composite gel (Figure 6). Mechanical stress
(pressure = 3 MPa) was applied on the surface of the P-SiP/
BMAB/5CB composite gel (BMAB = 10 mol % for 5CB) with

Figure 4. Phase diagrams of P-SiP/BMAB/5CB composite gel (P-SiP
= 10 wt %) as a function of the concentration of BMAB (a) without
and (b) with irradiation of UV light (wavelength = 365 nm, intensity =
1.6 mW/cm2). The heterogeneous−homogeneous transition (⧫) and
nematic−isotropic phase-transition (▲) temperatures were deter-
mined by optical microscopic observations of the composite gels in a
heating process at a rate of 1 °C/min. At point A, gel−sol transition
can be induced by irradiation of UV light.

Figure 5. Photoinduced change in the microscopic structure and
viscoelastic property of a P-SiP/BMAB/5CB composite gel (P-SiP =
10 wt %, BMAB = 5 mol % for 5CB). Optical textures of the
composite gel at 34 °C during irradiation of focused UV light
(wavelength = 365 nm, intensity = 0.05 mW) were obtained in (a)
cross-polarized and (b) phase-contrast modes. (c) Dynamic storage
(G′, ⧫) and loss moduli (G″, ○) at a strain of 0.1%, frequency of 1 Hz,
and temperature of 34 °C were measured with irradiation of UV light
(wavelength = 365 nm, intensity = 180 mW/cm2). Inset photographs
in (c) are the P-SiP/BMAB/5CB composite gels before and after
irradiation with UV light.
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the tool mentioned earlier. With this external stress, a crack and
a dent were produced at the central part and the left edge of the
surface of the composite gel, respectively (Figure 6a). The
surface dent spontaneously disappeared when the composite
gel was left for 10 min at 25 °C, while the cracked area did not
show any healing events (Figure 6b). Subsequently, we
irradiated the cracked area with a focused UV beam (intensity
= 8.5 mW/cm2) at 30 °C. The irradiated area of the composite
gel attained the sol state and the surface crack was filled up with
the composite in the sol state (Figure 6c). Subsequently, the
UV light-induced sol area was illuminated with visible light
(intensity = 40 mW/cm2) to induce sol−gel transition,
resulting in the recovery of a smooth surface of the composite
gel (Figure 6d).
The self-healing characteristics discussed in this study will be

strongly dependent on various factors. For example, in the case
of the spontaneous repair of surface dents, Tg of the grafted
polymer will affect the efficiency of the repair of dents because
the polymer chains need to act like rubbery chains. Then, it is
preferred that Tg of the grafted polymer is lower than room
temperature. In this study, the P-SiP/5CB composite gel
successfully exhibits efficient repair of surface dents around
room temperature, because the grafted PMMA chain would
show a rubbery nature even at room temperature by plasticizing
by 5CB. In the case of the photochemical mending of surface
cracks, gel−sol (heterogeneous−homogeneous) transition
triggered by trans−cis photoisomerization of the doped
azobenzene compound is required. The operating temperature
range of the photochemical mending can be tuned by the
concentration of the doped azobenzene compound as shown in
Figure 4. With increasing concentration of the azo-dopant, the
photochemical mending can be achieved at lower temperature.

4. CONCLUSIONS
In this study, we investigated the morphologies and self-healing
abilities of particle/LC composite gels using P-SiP as a particle

component. The P-SiP/5CB composite gel was found to be a
self-supporting gel. The SEM image of the xerogel exhibited
that sponge-like aggregation structures of the P-SiPs were
formed in the composite gels. The P-SiP/5CB composite gel
showed high strength against mechanical stress and good shape
recoverability. These mechanical properties of the composite
gels could be attributed to a combination of the rubbery nature
of PMMA chains plasticized with 5CB in the shells of P-SiP and
the regulatory effect of the spatial positions of PMMA chains
chemically grafted on the particle core. In addition, the
composite gels doped with an azobenzene compound exhibited
gel−sol transition by the trans−cis photoisomerization of the
dopant. The P-SiP/azo-doped 5CB composite gel exhibited its
dual self-healing abilities via the spontaneous repair of a surface
dent and the light-assisted mending of a surface crack in a
material.
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