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xcellent electroresponsive
properties of ideal PMMA@BaTiO3 composite
particles
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and Lingxiang Gao *ab

A series of core–shell-structured poly(methylmethacrylate)@BaTiO3 (PMMA@BT) composite particles were

constructed via the self-assembly of BT nanoparticles on the surfaces of PMMA cores through the covalent

bonding of siloxane groups at room temperature. The PMMA@BT composite particles were characterized

by scanning electron microscopy, transmission electron microscopy, infrared spectroscopy, X-ray

diffraction, video-based optical contact angle measurement, thermogravimetric analysis, and impedance

analysis. The electroresponses of the obtained PMMA@BT composite particles were all stronger than that

of pure BT, and the electroresponse depended on the weight percentage of the BT shell. The PMMA@BT

particles with the optimal core–shell structure contained 58.14 wt% of BT shell. The surface

hydrophilicity of the optimal particles was close to that of pure BT, and the dielectric constant was the

greatest among the series of synthesized PMMA@BT particles. Thus, the optimized PMMA@BT particles

demonstrated the strongest electroresponsive behavior in gelatin hydrogel elastomer, as demonstrated

by polarized microscopy and dynamic mechanical analysis. The excellent electroresponsive property of

the optimal PMMA@BT particles is reflected by the large sensitivity of the increase in storage modulus for

the gelatin hydrogel elastomer containing the composite particles (21% at E ¼ 0.8 kV mm�1 and

a particle loading of 1.0 wt%), far greater than that of pure BT particles (4.7%). Based on the sensitive

electroresponsive properties, the PMMA@BT particles have potential applications as electroresponsive

materials.
1. Introduction

Stimuli-responsive materials have attracted considerable
interest due to their potential usage in various devices in the
mechanical, biomedical and robotic elds, such as sensors,
dampers, actuators, switches, valves, articial muscles, and
controlled drug delivery systems.1–5 Existing research mainly
focuses on precisely controllable responses to external stimuli,
including temperature, pH, light, and electric or magnetic
elds.6–9 Electroresponsive materials are mostly made up of
electrically polarizable particles, which behave as electric
dipoles that can be polarized and attract or repel each other to
form solid-like chains in the presence of an external electric
eld, and this is reversibly controlled.10,11
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BaTiO3 (BT) is an ideal polarizable material that is widely
used because of its good chemical stability, thermo-stability and
dielectric property.12,13 In a certain electric eld, BT can be
spontaneously polarized, and the polarization direction can be
parallel with the direction of the electric eld. However, the
high rigidity and density of BT induces serious sedimentation,
hindering its response to the external electric eld. To overcome
these shortcomings, a number of attempts have been made to
adjust the size and shape of BT, and particularly to modify its
surface.14–16 The incorporation of polymers into inorganic
ceramics can improve the density, exibility and dispersion
stability of composite materials.17,18 In addition, dielectric BT
nanoparticles were attached onto the surface of the insulating
polymer PVDF via hydrogen bonding between the two compo-
nents. The novel composites were investigated as high-energy-
density capacitor materials and achieved high dielectric
constant and low dielectric loss.19

Previous studies found that BT@polymer particles with
core–shell structures can be fabricated using surface-initiated
polymers to improve the electroresponse of BT.20–22 However,
the polymers coated on the surface of BT clearly weakened the
responsive effect of BT. Subsequently, Wang et al.23 reported the
preparation of gelatin@BT composite microspheres and
This journal is © The Royal Society of Chemistry 2019
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studied their electroresponsive property in hydrogel elastomers.
The electroresponse of BT particles has been improved to
a great extent by adhering BT to a gelatin core. However, the
improvement is insufficient due to the light weight of the BT
shell and the inhomogeneous size of the microspheres. Based
on the above research achievements, we continued to investi-
gate approaches to promote the electroresponse of BT particles
based on the “BT-shell” optimal effect.

PMMA is a long, so chain of polymer compounds that has
been widely used in many elds because of useful characters,
such as good chemical stability, outstanding biocompatibility,
non-toxicity, environmental friendliness, low cost, low density
and transparent optical property.24 PMMA is the primary
choice for the preparation of polymer@BT composite particles
due to its desirable properties. In this study, we fabricate
PMMA@BT composite particles with six different BT shell
weights and then disperse the particles in hydrogel elastomers
cured with or without an applied electric eld. Aer testing the
storage moduli of the elastomers, the effect of the BT shell
weight on the electroresponse of the composite particles was
investigated.

2. Experimental
2.1. Materials

Sodium dodecyl benzene sulfonate (SDBS, C18H29NaO3S) and
methylmethacrylate monomers (MMA, CH2]CH(CH3)
COOCH3) were purchased from Tianjin Fuchen Chemical
Reagent. Ethanol (C2H5OH) was purchased from Sinopharm
Group Chemical Reagent. Potassium peroxydisulfate
(K2S2O8) was supplied by Aladdin Chemical Reagent. The four
reagents were used as the surfactant, polymer monomers,
solvent and initiator to prepare PMMA microspheres via
emulsion polymerization.25,26 g-Methacryloxypropyl-
trimethoxysilane (KH570, C10H20O5Si) was purchased from
Aladdin Chemical Reagent and used as a surface modica-
tion agent. Methylglycol (CH3OCH2CH2OH) and sodium
hydroxide (NaOH) were supplied by Tianjin Fuchen and
Sinopharm Group Chemical Reagent and used as the solvent
and alkaline environment regulator, respectively. Barium
hydroxide (Ba(OH)2$8H2O) was obtained from Sinopharm
Group Chemical Reagent, and titanium tetrachloride (TiCl4)
was purchased from Shanghai Macklin Biochemical Co. Ltd.
They were used as the raw materials to prepare BT particles
via solvothermal synthesis. Hydrochloric acid (HCl) was
purchased from Sinopharm Group and used as a pH regulator
to prepare PMMA@BT composite particles via self-assembly
deposition. Gelatin, glycerol (C3H8O3) and glutaraldehyde
(C5H8O2) were obtained from Aladdin, Sinopharm Group
Chemical Reagent and Tianjin Fuchen, respectively. They
were used to prepare the particles/glycerin/gelatin composite
hydrogel elastomers; gelatin acted as a polymer matrix,
glycerol was a stabilizer, and glutaraldehyde was the cross-
linking agent. All chemicals used in this experiment were of
analytical grade and used without further purication. The
water used in this work was puried by a water purication
system (Qianyan Technology).
This journal is © The Royal Society of Chemistry 2019
2.2. Preparation of PMMA@BT composite particles

2.2.1. Synthesis of PMMA particles. Typically, 0.2 g SDBS
was added into a mixture of 30 mL anhydrous ethanol and
70 mL water in a 250 mL reaction container. The mixture was
stirred for 40 min at 70 �C to dissolve SDBS completely. MMA
(10 mL) was added into the mixture followed by continuous
stirring for approximately 1 h. K2S2O8 solution (10 mL,
0.037 mol L�1) was then added under nitrogen protection. The
polymerization was initiated and proceeded for 30 min until
a white precipitate appeared, and the suspension was then
stirred rapidly for approximately 10 h. Finally, the precipitate
was centrifuged and washed several times with ethanol and
water in turn and then dried in a vacuum oven at 60 �C. PMMA
spheres with diameters of �600 nm were obtained and used as
the core material for subsequent syntheses.

2.2.2. Modication of PMMA with KH570. First, PMMA
microspheres (0.5 g) were dispersed ultrasonically in 30 mL
ethanol and stirred to form a stable and homogenous suspen-
sion. Second, KH570 (0.2 mL) was added to the suspension
followed by stirring for 3 h at room temperature. The modied
PMMA microspheres were ltered, washed with ethanol, and
dried in a vacuum oven at a constant temperature. The resulting
mono-dispersed PMMA microspheres were modied with
silane coupling agent KH570, and reactive groups were
introduced.

2.2.3. Synthesis of BT nanoparticles. The BT nanoparticles
(NPs) were prepared by using a solvothermal synthesis
method.27 First, 1 mL of TiCl4 was added drop-wise into 14 mL
of absolute ethanol to form a clear yellow solution, named
solution A. Second, 3.44 g of Ba(OH)2$8H2O (Ba/Ti mol ratio ¼
1.2) was dissolved in 14 mL of CH3OCH2CH2OH; this solution
was named solution B. Subsequently, solution A was dropped
into solution B under stirring for 30 min. Next, water was
dropped into the mixture solution by keeping the total volume
of the mixed solvent as 80 mL. Finally, 5.0 g NaOH was added
under rapid stirring. The resulting suspension was subse-
quently transferred to a Teon-lined stainless-steel autoclave.
The autoclave was sealed, heated to 160 �C, and kept at this
temperature for 24 h. Aer reaction completion, the reaction
suspension was cooled naturally to room temperature, ltered,
washed several times to neutral with water and absolute
ethanol, and dried in an oven at 100 �C for 24 h. BT NPs with
diameters of �50 nm were obtained.

2.2.4. Attaching BT to PMMA (PMMA@BT composite
particles). The PMMA@BT composite particles were prepared
via self-assembly. Modied PMMA (0.1 g) was dispersed ultra-
sonically in 30 mL of mixed solvent (ethanol/water with a 1 : 2
volume ratio) to form a stable and homogenous suspension
(suspension A). BT NPs were dispersed ultrasonically in ethanol
to form a stable and homogenous suspension (suspension B).
Subsequently, HCl solution (0.1 mol L�1) was quickly injected
into the mixed suspension of A and B followed by vigorous
stirring to adjust the suspension pH to 2.8–3.0. The resulting
suspension was stirred for another 3.5 h at room temperature.
The precipitates were washed several times with ethanol and
then dried in a vacuum oven for 10 h at 60 �C. Composite
RSC Adv., 2019, 9, 12404–12414 | 12405
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particles with different BT contents (PMMA@BT-1 to
PMMA@BT-6) were fabricated by controlling the mass ratio of
PMMA to BT from 1 : 0.5 (PMMA@BT-1) to 1 : 3 (PMMA@BT-6;
Table 1).28–30
2.3. Structural characterization

The morphologies of the products were examined by eld-
emission scanning electron microscopy (FESEM; SU-8020) and
transmission electron microscopy (TEM; JEM-2100). The TEM
samples were prepared by drying a drop of the ethanol
suspension on a carbon-coated copper TEM grid. The structures
of the particles were further characterized by Fourier transform
infrared spectroscopy (FTIR; Tensor-27). Each particle was
loaded in a KBr pellet and scanned over the wave number range
of 4000 to 400 cm�1. The crystal structure was determined by X-
ray diffraction (XRD; DX-2700). Diffraction data were collected
in the range of 2q¼ 10–70� at a resolution of 0.05� per step with
6 s of integration time per step. The thermal stability of the
series of PMMA@BT composite particles was studied by ther-
mogravimetric analysis (TGA; Q-50). The samples were heated
from 25 �C to 800 �C with a heating rate of 20 �C min�1. Static
water contact angles (CAs) were measured using the sessile drop
method with a OCA20 video-based optical CA measuring
apparatus. The testing process was as follows. Particles
(2.0 wt%) were ultrasonically dispersed in ethanol to form
a uniform suspension. A glass slide (74 � 25 � 1.2 mm3) was
immersed vertically in the ethanol suspension and then drawn
out of the suspension at a low, constant speed. The slide was
then allowed to dry naturally at room temperature. The dip
coating was repeated three times to ensure that the particles
were well coated on the glass slide. The contact angle was
measured 10 s aer the water droplet was dropped on the
particle-oor surface. Each angle reported is the average value
from three tests.
2.4. Property measurement

The relative dielectric properties of the particles were evaluated
based on the dielectric constants of silicone oil suspensions in
which the dried particles were dispersed with a volume fraction
of 6% (h ¼ 50 mPa s at 25 �C). The dielectric spectra of the
suspensions were measured by an impedance analyzer (HP
4284A) in the frequency range of 20 Hz to 1 MHz using
a measuring xture (HP 16452A) for liquid. The main electro-
responsive properties of the particles dispersed in hydrous
elastomers were indirectly investigated by measuring the
microstructures and storage modulus values of the hydrous
composite elastomers via polarized microscopy and dynamic
viscoelastic spectrometry (Q800DMA), respectively. The
composite hydrous elastomers were prepared as follows. The
particles (1.0 wt%) were dispersed uniformly in gelatin/glycerol/
water mixture at 65 �C. Subsequently, a small amount of
Table 1 Different mass input ratios of the composite particles

m(PMMA) : m(BT) 1 : 0.5 1 : 1 1 : 1.5
PMMA@BT PMMA@BT-1 PMMA@BT-2 PMM

12406 | RSC Adv., 2019, 9, 12404–12414
glutaraldehyde was quickly added into the mixture as the cross-
linking agent, and the mixture was quickly transferred into two
Plexiglas boxes (40 � 20 � 8 mm3). Under the same conditions,
the mixture in one box was cured under an external dc electric
eld (E¼ 0.8 kV mm�1) for 50 min (kept at 65 �C for 30 min and
then cooled naturally for 20 min). The mixture in the other box
was not subjected to an electric eld. The dc electric eld was
applied to one box in the upright direction at the beginning of
the curing process with high-voltage power (regulator range ¼
0–30 kV; Tianjin Dongwen High Voltage Power Factory). The
elastomer curing progress continued at room temperature for
another 7 h without any applied eld for each box. Finally, the
particles/gelatin composite hydrous elastomers were prepared
and named as follows: A-elastomers (cured without any electric
eld) and B-elastomers (cured under an 0.8 kV mm�1 electric
eld).31,32 In general, the storage modulus (G) of elastomer was
measured by Q800DMA under static-press multi-frequency
mode in the frequency range of 1–10 Hz at room temperature.
Each measurement was carried out and repeated at least ve
times. The difference in G between the A- and B-elastomers was
explored to indirectly investigate the electroresponsive proper-
ties of the particles.
3. Results and discussion
3.1. Characterization of PMMA@BT particles

Fig. 1(a) schematically shows the synthetic process used to
fabricate PMMA@BT composite particles. The six PMMA@BT
particles with different BT contents were prepared by self-
assembly (see Table 1).

3.1.1. Particle morphology. The SEM and TEM images of
PMMA, modied PMMA, BT NPs and PMMA@BT-1–
PMMA@BT-6 composite particles are shown in Fig. 2 and 3,
respectively.

The bare PMMA particles had regular sizes of �600 nm and
were uniformly dispersed [Fig. 2(a)]. The PMMA particles were
nearly mono-dispersed and had smooth surfaces, as shown in
the TEM image in Fig. 3(a). Modied PMMA was coated with
a slight layer of substance [Fig. 2(b) and 3(b)]. As shown in
Fig. 2(c) and 3(c), the BT NPs had diameters of approximately
40–50 nm and were well dispersed.

When the BT NPs gathered on the PMMA surface, the
surfaces of the composite particles were no longer smooth, and
the average particle diameter increased gradually with
increasing mass ratio of PMMA to BT [Fig. 2(d–i) and 3(d–i)].
The SEM and TEM images indicate that the PMMA@BT-1–
PMMA@BT-6 particles all had PMMA@BT core–shell struc-
tures. Among them, the PMMA@BT-4 composite particle
possessed the most perfect core–shell structure in which the BT
NPs completely covered the surfaces of the PMMA spheres, and
no free BT NPs were scattered.
1 : 2 1 : 2.5 1 : 3
A@BT-3 PMMA@BT-4 PMMA@BT-5 PMMA@BT-6

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Graphical illustration of the synthetic process used to fabricate PMMA@BT particles. (b) Graphical illustration of the preparation of
PMMA@BT/gelatin/water elastomers and measurement of their storage moduli.
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3.1.2. Structure and content of particles. The FT-IR spectra
of PMMA, modied PMMA, BT NPs, and PMMA@BT particles
are shown in Fig. 4(1). Curve (a) in Fig. 4(1) shows the spectrum
of PMMA. The sharp intense peak near 1730 cm�1 is attributed
to ester carbonyl stretching vibrations; the peaks at 2996, 2952
and 2842 cm�1 belong to the C–H stretching vibration; and the
peaks at 752 and 840 cm�1 are attributed to the puckering
vibrations and deformation vibrations of O–C–O in PMMA,
respectively. The peak at 3625 cm�1 arises from the –OH
stretching of adsorbed light water. It should be noted that no
peak is observed in the 1680–1640 cm�1 range, which conrms
that all methyl methacrylate (MMA) monomer was polymerized
into PMMA.33 Aer PMMA was modied by KH570 [curve (b) in
Fig. 4(1)], the peaks at 2996, 2952, 2842 and 1730 cm�1 were
stronger than for PMMA owing to the combination of PMMA
and KH570. The peak at 1076 cm�1, which corresponds to C–O
in PMMA, shied to 1065 cm�1, indicating the formation of C–
O–Si. The stronger peak at 3625 cm�1 indicates that the SiOCH3

group of KH570 develops into Si–OH aer hydrolysis. We can
conclude that the spectral changes were induced by the reaction
between the coupling agent and PMMA.34

The KH570 coupling agent contains two chemical functional
groups that can bond with the polymer molecules and inorganic
material as a bridge. One group combines with PMMAmaterials
to form strong interfacial bonds, and the other group reacts
This journal is © The Royal Society of Chemistry 2019
with the hydroxyl groups (–OH) of BT, forming covalent bonds
through hydrolysis condensation, dehydration and solidica-
tion under certain conditions.35,36 Fig. 4(1) curve (e) shows the
characteristic peaks of BT at 1438 and 857 cm�1; the peaks at
560 and 435 cm�1 correspond to ngerprint absorption.
Moreover, the broad band centered at 3464 cm�1 is attributed to
the hydroxyl stretching vibrations of BT. In contrast, in Fig. 4(1)
curve (c), this band of BT–OH has shied from 3464 to
3445 cm�1, suggesting the dehydration of BT–OH and Si–OH
and the generation of strong interactions between modied
PMMA and BT.37 Curves (c) and (d) are similar, conrming that
BT and PMMA were attached via chemical bonds. Thus, under
the action of the KH570 coupling agent, BT can be successfully
assembled on the surface of PMMA.

Fig. 4(2) shows the XRD patterns of PMMA, modied PMMA,
BT NPs and PMMA@BT-4 composite particles. In curve (a), the
two characteristic wide diffraction bands at 15� and 30� partly
belong to crystalline PMMA. Aer modication with KH570
[curve (b)], the characteristic diffraction bands of PMMA were
visibly diminished, demonstrating that the surfaces of the
PMMA microspheres were covered with amorphous KH570. In
curve (c), the peaks are sharp and match well the standard
pattern for BT (JCPDS no. 05-0626), suggesting high-purity BT
NPs. One characteristic peak of BT (2q ¼ 44.5�)38 does not split,
corresponding to its cubic phase. The XRD pattern of
RSC Adv., 2019, 9, 12404–12414 | 12407
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Fig. 2 SEM images of (a) pure PMMA spheres, (b) PMMA modified by KH570, (c) BT NPs, and (d–i) PMMA@BT-1–PMMA@BT-6 composite
particles.

Fig. 3 TEM images of (a) pure PMMA spheres, (b) PMMA modified by KH570, (c) BT NPs, and (d–i) PMMA@BT-1–PMMA@BT-6 composite
particles.

12408 | RSC Adv., 2019, 9, 12404–12414 This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (1) FT-IR spectra of pure PMMA (a), PMMA-KH570 (b), PMMA@BT-4 (c), PMMA@BT-6 (d), and BT NPs (e). (2) XRD spectra of pure PMMA (a),
modified PMMA (b), BT NPs (c) and PMMA@BT-4 composite particles (d).
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PMMA@BT is indicative of the typical cubic phase, similar to
pure BT. This demonstrates that ne cubic structure of BT was
retained during the assembly process.

TGA was conducted to calculate the amount of BT adhered to
PMMA. As shown in Fig. 5, all curves except curve (b) indicate
slight weight loss below 200 �C, corresponding to the release of
the moisture and residual organic solvent entangled in the
polymer chains. The signicant weight loss at temperatures
between 200 �C and 286 �C is attributed to the decomposition of
oxygen-containing functional groups, while the sharp weight
This journal is © The Royal Society of Chemistry 2019
loss between 286 �C and 420 �C arises from degradation of the
C–C chain skeleton of PMMA. Curve (b) shows almost no weight
loss except for the release of the moisture, indicating that BT
has good thermal stability.39 However, the curves of the
PMMA@BT composite particles with different BT contents
[curves (c–h)] show two obvious weight losses at 200–360 �C and
360–420 �C, corresponding to the decomposition of oxygen-
containing functional groups and the degradation of C–C
chains, respectively. For the second stage of weight loss, the
onset decomposition temperature remained the same, and the
RSC Adv., 2019, 9, 12404–12414 | 12409

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01174a


Fig. 5 TGA curves of PMMA (a), BT (b) and PMMA@BT-1–PMMA@BT-6
(c–h) composite particles.
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nal residues for the PMMA@BT composites gradually
increased with increasing BT content .40 The unchanged
decomposition temperature is explained by two factors: the
composites have the same chemical interaction between PMMA
and BT, and BT has good thermal stability between the
measured temperature region. Comparing curves (c–h) with
curve (b) indicates that the nal residue for the PMMA@BT
composites is BT. Based on the mass percent of the nal
residue, the relative BT contents in the PMMA@BT composites
(FBT) were 36.56%, 51.70%, 52.63%, 58.14%, 62.55%, 67.37%
from PMMA@BT-1 to PMMA@BT-6, respectively, close to the
corresponding input mass percentages of BT.
3.2. Properties of PMMA@BT particles

3.2.1. Particle hydrophilicity. To compare the surface
hydrophilic properties, the water CAs of PMMA, modied
PMMA, BT, and PMMA@BT-1–PMMA@BT-6 composite parti-
cles were determined. As shown in Fig. 6(a–i), the water CAs of
the samples increased in the following order: BT < PMMA@BT-6
z PMMA@BT-5z PMMA@BT-4 < PMMA@BT-3 < PMMA@BT-
Fig. 6 Contact angles of water drops (3 mL) on the floors of PMMA
composite particles, respectively.

12410 | RSC Adv., 2019, 9, 12404–12414
2 < PMMA@BT-1 < modied PMMA < PMMA. The surface of the
PMMA particle was hydrophobic, whereas the surface of the BT
particle was super-hydrophilic.32,34 The surfaces of the
PMMA@BT composite particles were between hydrophobic and
super hydrophilic, and the surface hydrophilicity gradually
increased with BT content. This is attributed to the existence of
a large number of –OHhydrophilic groups on the surfaces of the
BT NPs. In the FT-IR spectrum of BT in Fig. 4(2), the strong,
broad band centering at 3464 cm�1 is attributed to the hydroxyl
stretching vibrations of BT, indicating that the BT NPs have
a large number of hydrophilic –OH groups on the surface.
However, this band is weaker in the FT-IR spectra of PMMA and
modied PMMA, indicating that the PMMA and modied
PMMA particles had fewer hydrophilic –OH groups on their
surfaces. Therefore, when the content of BT NPs on PMMA
increased, the surface hydrophilicity of the particles continu-
ously increased.

3.2.2. Dielectric properties of particles. The relative
dielectric constants (30) of the silicone oil suspensions con-
taining dispersed BT particles and PMMA@BT particles are
shown in Fig. 7(A). The dielectric spectra of the suspensions
reect the contributions of silicone oil and dispersed particles.
The dielectric constants decreased in the following order: 30(BT)
> 30(PMMA@BT-4) > 30(PMMA@BT-5) > 30(PMMA@BT-6) >
30(PMMA@BT-3) > 30(PMMA@BT-2) > 30(PMMA) > 30(PMMA@BT-
1). This is attributed to the lower 30 of the polymer PMMA
compared to BT; thus, the dielectric constants of the
PMMA@BT particles were lower than that of BT. Among the
composite particles, PMMA@BT-4 had the highest 30. This
might be attributed to the high content of BT shell and the
perfect surface structure of the particles, which combined to
determine the interfacial polarization and 30.41,42

3.2.3. Electroresponsive properties of the particles. To
further explore the responsive performances of the elastomers
lled with particles under an electric eld, the sensitivity of the
increase in storage modulus (DG/GA) of each elastomer was
determined as follows:46 DG ¼ GB � GA, DG/GA ¼ (GB � GA)/GA.

As shown in Fig. 7(B) and (C), DG/GA z 0 for the A and B
elastomers containing dispersed pure PMMA particles (e.g., FBT
(a), modified PMMA (b), BT (c) and (d–i) PMMA@BT-1–PMMA@BT-6

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (A) Dielectric constant of silicone oil suspensions containing dispersed PMMA (a), BT (b) and (c–h) PMMA@BT-1–PMMA@BT-6 particles,
respectively. (B) Storage modulus increment sensitivity (DG/GA) vs. the frequency of elastomers filled with particles: (a) PMMA; (b) BT; and (c–h)
PMMA@BT-1–6, respectively. (C) DG/GA as a function of the wt% BT in the particles at a frequency of 5 Hz.
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¼ 0). This suggests that the pure PMMA particles hardly
responded to the applied electric eld. The value of DG/GA was
much smaller for pure BT (FBT¼ 1), indicating that pure BT had
a weak response to the electric eld. This may be attributed to
the large density and poor dispersion stability of BT in the
elastomers. The six composite particles (PMMA@BT-1–
PMMA@BT-6) exhibited positive responses to the electric eld,
Fig. 8 Polarized microscope images of the sliced elastomers filled w
PMMA@BT-4 and PMMA@BT-6, respectively; (a–d) and (a0–d0) represen

This journal is © The Royal Society of Chemistry 2019
as shown in Fig. 7(C).43 As dielectric materials, BT and
PMMA@BT particles can be polarized and induce positive/
negative charges on the opposite sides of the particles. It is
referred to induced dipoles. The attractive and repulsive inter-
actions between the induced dipoles in the eld direction cause
the adjacent particles to attract or repel each other. Competition
between the two kinds of electrostatic forces can cause the
ith particles with a mass fraction of 1.0 wt%: a(a0)–d(d0) PMMA, BT,
t A and B elastomers, respectively.
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particles to form chains and support elastomers in the eld
direction.44,45 Therefore, the adjacent aligned particles in the B
elastomers (E ¼ 0.8 kV mm�1) in the eld direction could resist
stress better than the randomly distributed particles in the A
elastomers (E ¼ 0 kV mm�1). As a result, DG/GA > 0.

Plots of DG/GA versus frequency are shown in Fig. 7(B). DG/GA

decreased in the following order: PMMA@BT-4 > PMMA@BT-5
> PMMA@BT-6 > PMMA@BT-3 > PMMA@BT-2 > PMMA@BT-1
> BT > PMMA. Thus, the electroresponses of the PMMA@BT
composite particles were all are stronger than that of pure BT.
Fig. 7(C) shows DG/GA as a function of FBT at the frequency of
5 Hz. DG/GA rst increased and then decreased with increasing
FBT. The largest DG/GA (21%) occurred at FBT z 58 wt%. This
can be explained by the excellent hydrophilic surface properties
(Fig. 6), high dielectric constant [Fig. 7(A)], and ne dispersion
(Fig. 9) of the PMMA@BT-4 (FBT ¼ 58.14 wt%) particles. These
properties make the PMMA@BT-4 compatible with hydrous
media; thus, the particles are strongly polarized and form an
excellent pearl-chain under an electric eld.47 When FBT

exceeded 58 wt%, the heavy BT particles resulted in heavy
composite particles (PMMA@BT-5 and PMMA@BT-6), resulting
in particle settlement in the aqueous elastomers, which weak-
ened the chain effect. Hence, the PMMA@BT-4 composite
particles possessed the strongest response to the electric eld
(DG/GA ¼ 21%).

The polarized microscope images of the sliced elastomers
lled with the PMMA, BT, PMMA@BT-4 and PMMA@BT-6
particles are shown in Fig. 8. In Fig. 8(a) and (a0), the elasto-
mers are lled by PMMA particles, but no ordered particle
structure is observed in (a0). This indicates that PMMA hardly
had a response to the applied electric eld. In Fig. 8(b)–(d), BT
and PMMA@BT particles are embedded in the elastomers and
well isolated randomly in the A elastomers. Thus, the freely
dispersed particles contribute a lling effect in the elastomers.
Upon applying an electric eld to B elastomers [Fig. 8(b0)–(d0)],
the pearl-chain structures of BT and PMMA@BT particles were
visibly aligned, especially for PMMA@BT-4. This result conrms
the aforementioned electroresponses of BT and PMMA@BT
particles along with the strongest response of the PMMA@BT-4
composite particles. This enhanced electroresponsive property
of the PMMA@BT-4 composite particles may be explained by
Fig. 9 Suspensions of PMMA/BaTiO3 and BaTiO3 particles after sitting
for 3 h.

12412 | RSC Adv., 2019, 9, 12404–12414
the dielectric property and dispersion of the particles. The
higher dielectric constant of the particles facilitates a stronger
“pearl chain” effect and strengthens the modulus of the corre-
sponding B elastomer. The ne dispersion of the particles
benets the formation of “pearl chains” in the B elastomer and
results in a larger difference in modulus between the A and B
elastomers. The synergistic effect of the high dielectric constant
and ne dispersion of the PMMA@BT-4 particles caused these
particles to have the strongest response to the electric eld.
4. Conclusions

This study demonstrates a facile approach to fabricate core–
shell-structured PMMA@BT composite particles with different
contents of BT shell by assembling BT nanoparticles onto
PMMA cores via covalent bonds. Among the series of six
synthesized composite particles, PMMA@BT-4 (58.14 wt% BT
particles) exhibited the best core–shell structure, and the BT
NPs were evenly distributed on the surface of PMMA. Impor-
tantly, the PMMA@BT composite particles had excellent
dielectric properties and hydrophilic surfaces similar to pure
BT. Meanwhile, the ne dispersity of the composite particles
was superior to that of pure BT. As a result, the PMMA@BT
composite particles exhibited strong responses to an electric
eld in hydrogel elastomers. The perfect assembly of BT on
PMMA promoted the electroresponsive property of BT, resulting
in an electroresponse quadruple that of BT under an 0.8 kV
mm�1 electric eld.
Appendix

Certain amounts of BT and PMMA@BT-4 particles were sepa-
rately dispersed ultrasonically in water, forming two uniform
suspensions with the same weight concentration of particles.
Aer allowing to sit for 3 h, particle sedimentation was
observed, as shown in the gure. The BT particles almost
completely settled, whereas the PMMA@BT-4 particles only
slightly settled. Thus, the dispersion of BT particles was greatly
improved by anchoring on PMMA.
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