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ABSTRACT: We here demonstrated a general, convenient,
and robust method to fabricate the hybrid microcapsules
through the one-step thiol—ene photopolymerization at the
interface between toluene and water. In the presence of
amphiphilic polyhedral oligomeric silsesquioxane (POSS)
containing thiol groups (PTPS) as reactive surfactants and
trimethylolpropane triacrylate (TMPTA) as a cross-linker, the
wall of hybrid microcapsules can be photo-cross-linked. The
obtained hybrid microcapsules (HMCs) were well-character-
ized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), atomic force microscopy (AFM),
and confocal laser scanning microscopy (CLSM). The results
revealed that the obtained HMCs are uniform with the tunable
size in diameter (2—4 um) and wall thickness (55—120 nm).
The size of HMCs increased with the increasing content of
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toluene. The wall thickness of HMCs decreased with the increasing content of toluene, while the wall thickness of HMCs
increased with the increasing content of cross-linker TMPTA. Furthermore, HMCs are thermoresponsive in aqueous solution,
can encapsulate both hydrophobic and dydrophilic dyes, and can be used in the controlled dispersion of dyes in different
mediums. It is believed that this simple, robust, and general method to fabricate the hybrid microcapsules will extend the
potential application fields of microcapsules, such as in the controlled dispersion and drug delivery.

1. INTRODUCTION

Functional microcapsules with the tunable size and thickness of
the wall are of both scientific and technological importance
because of their potential applications in encapsulation for the
controlled release of drugs, enzymes, dyes, and paints and the
protection of active species.''* The wall of the microcapsules
can protect the trapped species, such as drugs and dyes, and
release them at a controlled speed."’ Functional microcapsules
can be used as microcarriers and provide ideal models for
investigations of permeability and response from nano- to
microscale.'” As a result, much effort has been devoted to
fabricate these functional microcapsules.”">™>* To develop a
robust, general, and simple method to prepare the functional
microcapsules plays a critical role in their practical applica-
tions.”>*® Among the established techniques, self-assembly of
amphiphilic block co-polymer,"”>~"**” layer-by-layer (LBL)
assembly on the sacrificial core,”*>** and emulsion polymer-
ization">7*** 73! are most widely used in the preparation of the
functional microcapsules. On the basis of the self-assembly of the
amphiphilic diblock co-polymer in a methanol/water solvent
mixture, Du et al. prepared hybrid capsules, followed by the
gelation process to fix the capsular morphology."'* Using
inorganic silica particles as the sacrificial core, Caruso’s group
fabricated a variety of functional microcapsules through LBL
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assembly, followed by the removal of the core in HF aqueous
solution.””**™*” These novel studies really enriched the
technologies for the fabrication of functional capsules and
extended their application fields. For these two methods,
however, there are some limitations, such as the complex process
in the preparation. In the LBL approach, for example, the
sacrificial templates must be removed by the chemical etching to
obtain the hollow structure, and this process is not always
compatible with drugs that have to be encapsulated.®
Therefore, the emulsion polymerization, which does not need
a sacrificial core and can minimize the number of processing
steps, would be more appealing for large-scale fabrication of
microcapsules. In addition, this approach is usually environ-
mentally friendly because the medium is water. Herein, we report
a general, simple, and robust approach to prepare the responsive
hybrid microcapsules (HMCs) through the emulsion thiol—ene
photopolymerzation. Because of the significant advantages, such
as the fast curing speed, insensitivity to oxygen, and easy control,
thiol—ene photopolymerization is very convenient and environ-
mentally benign and can be performed at room temperature in
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Table 1. Feed Ratio, Size in Diameter, Thickness of the Wall, and PDI of the Obtained HMCs

feed ratio size
number PTPS/TMPTA/toluene® PTPS/TMPTA” diameter® (ym) wall thickness® (nm) PDI
HMCI 1:0.85:16 1:12 2.0 130 0.107
HMC2 1:0.85:32 1:12 3.0 80 0.160
HMC3 1:0.85:48 1:12 4.0 55 0.164
HMC4 1:1.70:48 1:24 33 100 0.186
HMCS 1:2.55:48 1:36 2.6 125 0.140
HMC6 1:2.55:96 1:36 3.0 100 0.183

“The feed ratio refers to the weight ratio. The total concentration of the mixture of PTPS/TMPTA/toluene in water is kept for 10 mg/mL. The
feed ratio refers to the molar ratio. “The diameter and wall thickness were obtained by statistical analysis from SEM images, in which 50 HMCs were
counted. “PDI refers to the polydispersity index also obtained from SEM images.

Scheme 1. (a) Structure of Reactive Surfacant PTPS and Cross-linker TMPTA and (b) Whole Strategy To Frabricate the HMCs
through Thiol—Ene Photopolymerization on the Interface between Toluene and Water
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the presence of oxygen.>® ** HMCs are of our interest because
the inorganic component as a building block for the wall of
microcapsules can lead to high stability.'”*’7>* As the smallest
precisely defined cubic silica nanoparticle, polyhedral oligomeric
silsesquioxane (POSS) is widely used in the preparation of the
novel hybrid materials and can enhance their performance, such
as mechanical strength and thermal stability.”'>° Meanwhile,
HMCs with response to environmental stimuli, such as the
temperature, can be defined as the smart materials, which can
find the potential application in some fields, such as the
controlled drug delivery, dispersion, and encapsulation of guest
molecules 263335,57-59

Using thiol groups containing POSS (PTPS) as a reactive
surfactant, we prepared a series of uniform-sized responsive
HMC:s with tunable size and wall thickness through the one-pot
oil/water interfacial thiol—ene photopolymerzation in this paper.
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A mixture of the hydrophobic cross-linker trimethylolpropane
triacrylate (TMPTA) and toluene was emulsified into a water
phase to obtain an oil-in-water (O/W) emulsion using PTPS as
stabilizers. Upon ultraviolet (UV) light exposure, the thiol—ene
photopolymerization takes place at the interface between toluene
and water phase, leading to the formation of the cross-linked
shell. The resulting HMCs are responsive to the environmental
temperature and can be applied in the controlled dispersion of

both hydrophobic and hydrophilic dyes in water.

2. EXPERIMENTAL SECTION

2.1. Measurement. 'H nuclear magnetic resonance (NMR) spectra
was carried out on a Mercury Plus spectrometer (Varian, Inc., Palo Alto,
CA), operating at 400 MHz using CDCl; as the solvent and
tetramethylsilane (TMS) as an internal standard at room temperature.

Fourier transform infrared (FTIR) spectra measurements were
carried out with a Spectrum 100 Fourier transformation infrared
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Figure 1. (a) SEM image of the hybrid microcapsule HMC3 (1:0.85:48 PTPS/TMPTA/toluene). (b) Detailed view of the SEM image. (c) Proposed
sketch of the deforming of the microcapsule. (d) Size distribution histogram of HMC3 determined by SEM images. A total of S0 microcapsules were
counted for the distribution. (e) EDX graph of HMC3. (f) AFM image and (g) fluorescence microscope images (CLSM) of PY-functioned HMC3.

absorption spectrometer (Perkin-Elmer, Inc, Waltham, MA). The
samples were prepared by dropping the polymer solution onto a KBr
film and dried below an infrared lamp.

The scanning electron microscopy (SEM) images were obtained
using aJSM-7401F (JEOL, Ltd., Japan) field emission scanning electron
microscope operated at an acceleration voltage of 5 kV. The samples
were prepared by dropping the HMC solution onto silica wafers and air-
drying the silica wafers at room temperature. Then, the samples were
sputter-coated with gold before examination. With regard to EDX
analysis, the samples were prepared by dropping the HMC solution onto
aluminum foil, which were air-dried at room temperature.

The transmission electron microscopy (TEM) images were obtained
using a JEM-2100 (JEOL, Ltd., Japan) transmission electron microscope
operated at an acceleration voltage of 200 kV. The sample was prepared
by dropping HMC solution onto copper grids coated with a thin carbon
film, while the excess solution was removed by filter paper and air-dried
at room temperature.

Atomic force microscopy (AFM) images were taken by SII Nanonavi
E-sweep under ambient conditions. AFM was operated in tapping mode
using silicon cantilevers with a force constant of 40 N m™". The samples
were prepared by dropping the HMC solution onto a mica sheet.

The dynamic light scattering (DLS) measurements were performed
in the PTPS microcapsule solution using a ZS90 Zetasizer Nano ZS
instrument (Malvern Instruments, Ltd., UK.) equipped with a multi-
digital time correlation and a 4 mW He—Ne laser (4 = 633 nm) at an
angle of 90°. Regularized Laplace inversion (CONTIN algorithm) was
applied to analyze the obtained autocorrelation functions. The
concentration of HMC solution was 1 g/L.

Fluorescence images of the HMCs were viewed with confocal laser
scanning microscopy (CLSM, Leica TCS-SPS, Leica, Wetzlar,
Germany) equipped with UV lasers.

Thermogravimetric analysis (TGA) was carried out on TA QS000IR
thermogravimetric analyzer under nitrogen with the temperature range
of 40—800 °C at a heating rate of 20 °C min™".

Elemental analysis was obtained by Vario-EL IRMS (Elementar and
Isoprime, Germany) elemental analyzer.

The UV—vis spectra were carried out with a UV-2550 spectropho-
tometer (Shimadzu, Japan).

2.2. Preparation of the HMCs. A trace amount (1 wt % of TMPTA
and PTPS) of photoinitiator 1907 was dissolved in a 200 mg mixture of
PTPS, TMPTA, and toluene with a designed weight ratio in a 25 mL vial
(see Scheme S2 of the Supporting Information). Then, 20 mL of

ultrapure water was dropped into the mixture with stirring (400 rpm).
After the addition of water, the solution was stirred for 1 h, followed by
ultrasonic treatment for 1 h to obtain the stable milky emulsion. The
obtained emulsion was exposed under an UV light-emitting diode
(LED) lamp at 365 nm (the intensity is about 8.4 mW/cm?) for 4 h with
constant stirring (400 rpm). After fully photo-cross-linking, the HMCs
were obtained by centrifugation/redispersion in tetrahydrofuran (THF)
3 times. The number and feed ratio of the obtained HMCs are
summarized in Table 1.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of HMCs. The
whole strategy for the fabrication of HMCs is illustrated in
Scheme 1. Toluene serves as the oil phase, while multifunctional
acrylate TMPTA and PTPS are the cross-linker and surfactant,
respectively. Because of the amphiphilicity, PTPS containing
thiol groups is used as the reactive surfactant, which plays the
critical role in the preparation of HMCs. PTPS was synthesized
by grafting hydrophilic polyethylene glycol (PEG) chains and
hydrophobic alkyl chains to POSS—SH via the thiol—ene
photoclick reaction®*** (see Scheme S1 and Figures S1 and S2
of the Supporting Information). The component of PTPS was
determined by the results of '"H NMR and elemental analysis. It
should be noted that the obtained PTPS is not a pure compound
and the ratio of thiol, alkyl chain, and PEG chain in PTPS is about
3:2:3. The residue thiol groups of PTPS are used for thiol—ene
photopolymerization. As a surfactant, PTPS disperses in the
interface between the water and toluene phases to lead to the
stable dispersion of the emulsion droplets of toluene, while the
hydrophobic cross-linker TMPTA is dissolved in the toluene
phase. Upon exposure of 365 nm of UV light, the free radicals
from photoinitiator 1907 are trapped quickly by thiol groups to
form sulfur radicals, which then initiate polymerization.*® The
thiol—ene photopolymerization takes place from the outside of
the oil droplets because of the location of PTPS in the interface of
oil/water. Thus, the emulsion droplets can serve as templates and
guide the thiol—ene photopolymerization on their surface,
resulting in the formation of the cross-linked shell. After exposure
by UV light for 4 h, we checked the polymerization degree
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through FTIR spectroscopy. As shown in Figure S2 of the
Supporting Information, the peak at 1636 cm™ assigned to the
double bond of TMPTA (C=C) cannot be observed in FTIR
spectroscopy, indicating that almost all acrylate groups
participated in polymerization. The cross-linked microcapsules
are then obtained after the simple removal of toluene, and the
hydrophilic PEG chain as the corona of HMCs can make HMCs
disperse again in water easily and stably.

The obtained HMCs were carefully characterized. As shown in
Figure 1, taking a formation of 1:0.85:48 (HMC3) as an example,
SEM images reveal the typical morphology of microcapsules
(panels a—d of Figure 1). The average size of HMC3 is about 4.0
+ 0.2 ym in diameter with the low polydispersity index (PDI) of
0.164 (panels a and d of Figure 1), and the wall is around 55 + 3
nm in thickness according to the analysis of Figure 1b. The aspect
ratio between the diameter of HMC3 and the thickness of the
wall is ~73, indicating that HMC3 possesses a very thin wall.
Two typical morphologies “bowl” and “Chinese Jiaozi” were
observed in panels a and b of Figure 2, which should be ascribed
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Figure 2. (a) TEM image of the hybrid microcapsule HMC3 (1:0.85:48
PTPS/TMPTA/toluene). (b) Detailed view of the TEM image
morphology “Chinese Jiaozi”. The scale bars are 1 ym. (c) Detailed
view of the TEM image morphology “bowl”. The scale bars are 1 ym.

to the deforming of microcapsules with a thin wall under extreme
vacuum conditions.”* Generally, the microcapsules with a thin
wall tend to deform in different ways during SEM measurement,
and the corresponding sketches of deforming are proposed as
Figure lc. An energy-dispersive X-ray (EDX) graph reveals the
distribution of C, H, O, Si, and S elements of HMC3 (Figure 1e).
The Si and S elements should be from the skeleton of POSS,
suggesting that the obtained microcapsule is hybrid. The
introduction of POSS into the wall of HMCs is expected to
enhance the mechanical and thermal properties, which will be
discussed later. Furthermore, the elemental analysis of HMC3
was conducted, and the content of the S element is 3.27%, which
is close to the theoretical value of 3.25%. In other words, the
content of PTPS and TMPTA in HMC3 is the same as the feed
ratio, and almost all TMPTA was photo-cross-linked in the wall.
AFM and CLSM images further confirmed that HMC3 keeps the
typical morphology of the microcapsule (panels f and g of Figure
1). Even under the experimental conditions of AFM without
vacuum, the typical deformed morphology of microcapsules was
observed, which should be ascribed to the thin wall and hi_gh
aspect ratio between the diameter and thickness of the wall.?
As shown in Figure 2, TEM images also reveal the morphology
of the uniform-sized HMC3. Panels b and c of Figure 2 present
the two representative morphologies of deforming in vacuum
conditions, which are in agreement with SEM results. The wall
thickness of the 2-fold layer is around 110 nm, which is very close
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to analysis results of SEM. The detailed view shown in TEM
images reveals very smooth and homogeneous surface of HMC3,
and no obvious aggregation of POSS was observed in the wall of
HMCS3. It should be noted that, although the thickness of the
wall is thin, no microcapsules were destroyed, even under the
extreme vacuum conditions in SEM and TEM measurements.
This might be ascribed to the hybrid wall cross-linked highly by
thiol—ene photopolymerization, which makes the obtained
microcapsules robust and strong. It is well-known that the
introduction of POSS into the composite materials can enhance
their mechanical strength. The pure inorganic content in HMC3
is higher than 10%, and POSS still disperses homogeneously in
the wall, leading to the excellent mechanical strength of the
resulted HMC.>*>® Moreover, thiol—ene photopolymerization
occurs through a step-growth reaction mechanism that offers
many advantages, such as uniform structure, low polymerization
shrinkage, and reduced stress. During the thiol—ene photo-
polymerization, trifunctional acrylate cross-linker TPMPA
provides a high cross-linked network in the wall of HMC.
These combining characteristics might lead to the good
mechanical performance of HMC.

To verify the feasibility of our strategy, we prepared a series of
HMCs through this method of interfacial thiol—ene photo-
polymerization. Just by changing the feed ratio of PTPS,
TMPTA, and toluene simply, the uniform-sized HMCs with a
tunable size in diameter and thickness of the wall can be obtained,
as shown in Figure 3. The formulation, size, and thickness of the
wall for the obtained HMCs are summarized in Table 1. Figure 3
provides the representative SEM images and the corresponding
size distribution of the obtained HMC:s. For all samples, a typical
morphology of microcapsules is revealed by these SEM images.
All of these HMCs did not break up, even if they adopt the
extreme deformation during SEM experiments. These obtained
HMC:s possess the size in diameter with the range from 2.0 to 4.0
um and the thickness of the wall with the range from 55 to 130
nm. The PDI of all HMCs is lower than 0.2, suggesting the
uniform-sized HMCs. From HMC1 to HMC3, the feed ratio of
PTPS/TMPTA was fixed and the content of toluene increases.
We found that the size of HMCs increases and the thickness of
the wall decreases with the increasing content of toluene from
HMC1 to HMCS3. It is known that, in the formation of oil/water
emulsion, the increasing content of the oil phase can lead to the
bigger size of the emulsion droplet if the surfactant is fixed.'® The
emulsion droplet determines the size of the obtained HMCs
because the wall of HMC was formed by thiol—ene photo-
polymerization on the interface of the oil/water. Because the
reactive surfactant of PTPS is fixed, the more content of toluene
leads to the bigger emulsion droplet, resulting in the increasing
size from HMC1 to HMC3. Therefore, the wall becomes thinner
with the increasing size of HMC because the wall is made of the
cross-linked network of the fixed amount of PTPS/TMPTA.
When the content of PTPS and toluene are fixed, the wall
thickness increases but the size of HMCs decreases with the
increasing content of TMPTA from HMC3 to HMCS. It is easily
understood that the thickness of the wall increases with the
increasing content of the cross-linker TMPTA. The higher cross-
linking density of the network of the wall, which resulted from
the increasing TMPTA content, might limit the swelling of
HMC:s in THF or water, resulting in the reduced size during
SEM measurements.

The component and thermal stability of these obtained HMCs
were further investigated by TGA. Taking HMC3, HMC4, and
HMCS for example, Figure S3 of the Supporting Information
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Figure 3. (a) SEM images of hybrid microcapsules HMC1, (b) HMC2, (c) HMC4, (d) HMCS, and (e) HMCG. (f) Size distribution histogram of
HMCs determined by SEM images. A total of 50 microcapsules were counted for the distribution.
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Figure 4. (a) Size distribution of HMC3 in water at different temperatures. (b) Photograph of HMC3 in water at (left) room temperature and (right)

heated to a high temperature.

presents TGA curves of the obtained HMCs as well as the cross-
linked TMPTA and PTPS for comparison. In comparison to
PTPS, the higher decomposition temperature of HMC might be
ascribed to the cross-linked structure. Because of the thermal
decompostion of the PEG chain at the lower temperature, HMCs
tend to decompose at a lower temperature than the cross-linked
TMPTA. The weight retention of HMCs resulting from the
undecomposed inorganic POSS increases with the increasing
content of PTPS from HMCS to HMC3, which is in agreement
with the results of elemental analysis and the feed ratio of PTPS/
TMPTA. The excellent thermal stability of HMCs might be
ascribed to the presence of POSS in the cross-linking network of
the wall of HMCs, which reduces the diffusion of volatiles in the
hybrid material.>”*® In addition, the inorganic component of
POSS provides additional heat capacity and stabilizes the
materials against thermal decomposition.”’ Because of the
nanostructural effects and flame resistance of POSS, the
incorporation of POSS can improve the thermal stability of
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HMCs obviously. The other factor to the excellent thermal
stability of HMCs is the cross-linking network of their wall.
Generally, the photo- or thermal-cured acrylate matrix exhibits
the enhanced thermal performance with the increasing cross-
linking density.*®

3.2. Responsive Behavior of HMCs and the Controlled
Dispersion of Dyes. The obtained HMCs are amphiphilic
because the wall of HMCs is comprised of the hydrophobic
TMPTA and reactive surfactant PTPS containing PEG chains.
The hydrophilic PEG chains as the corona of HMC:s lead to the
stable dispersion of HMC:s in water. POSS was introduced into
the shell of HMCs and make the shell tough rather than rigid.
When heated to a high temperature, hydrogen bonds between
hydrophilic polyethylene oxide (PEO) chains and water
molecules are destroyed, resulting in less hydrophilicity of the
wall of HMCs and, consequently, leading to the shrinkage and
aggregation of HMCs in water. Therefore, the dispersion of
HMC:s in water is expected to be responsive to the temperature.

dx.doi.org/10.1021/1a400098c | Langmuir 2013, 29, 5307—5314
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Taking HMC3 in water as an example, the size dependent upon
the temperature is revealed by the DLS measurement (Figure
4a). The Z-average diameter of HMC3 decreases obviously with
the increasing temperature from 25 to 65 °C. This phenomenon
indicated that HMC3 shrinks with the increase of the
temperature, which is ascribed to the temperature-responsive
wall of the HMCs. When heating to the higher temperature,
HMC3 dispersed stably in water at room temperature tends to
aggregate and precipitate from the aqueous solution, which was
clearly reflected by the change of the solution (Figure 4b).
Because of the novel characteristics of HMCs, such as facile
preparation, response to the temperature, and amphipility,
HMCs can be used in the encapsulation and controlled
dispersion of guest molecules. In the presence of HMC3, we
investigated the dispersion behavior of dyes in different solvents.
The dispersion experiments were carried out in a S mL vial, and
the concentration of HMC3 was 1 g/L in all experiments. As a
hydrophobic dye, Nile Red (NR), which is insoluble in water, was
dispersed in water immediately after the addition of HMC3,
which can be reflected by change of the color of the solution
(Figure Sa). The dispersion of the hydrophobic NR in water

Figure 5. (a) Photographs of hydrophobic NR in water before and after
the addition of HMC3 at room temperature and heated to a high
temperature (80 °C). (b) Fluorescence microscope images (CLSM) of
HMC3. (c). Photographs of hydrophilic RB in toluene before and after
the addition of HMC3. (d) Photographs of HMC3 adsorbed RB in
water at room and high temperatures (80 °C).

should be ascribed to the encapsulation of NR by HMC3, which
was confirmed by the CLSM image. As shown in Figure Sb, the
strong red emission of HMC3 resulted from the fluorescence of
NR encapsulated in the wall of HMC3. Similarly, the hydrophilic
Rose Bengal (RB) is insoluble in toluene, but RB could be
dispersed in toluene in the presence of HMC3, which can also be
reflected by change of the color of the solution shown in Figure
Sc. UV—vis spectra of NR and RB in solution with and without
HMC3 were recorded (see Figure S4 of the Supporting
Information), indicating that these dyes can be easily dispersed
in their poor solvents with the help of amphiphilic HMC3. In the
poor solvent, the amount of NR and RB encapsulated by HCM3
was determined by UV—vis spectra. A total of 1 mg of HMC3 can
encapsulate 0.59 mg of NR in water and 0.33 mg of RB in
toluene. The high loading amount of dyes in HMC3 might be
ascribed to its hollow structure.

Because the hybrid microcapsule of HMC3 is thermores-
ponsive in water, the dispersion of NR in the presence of HMC3
in water could be controlled by the temperature. A total of 2 mg
of hydrophobic NR was suspended in 3 mL of water, and then 3
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mg of dry HMCs was added. As shown in Figure Sa, after stirring
for 20 min and ultrasonic treatment for 20 min, NR can be
encapsulated in HMC3 and dispersed in water. When heated to
the high temperature (80 °C), NR would precipitate with HMC3
at the bottom. This process is reversible, and NR could be
dispersed in water again when shaken slightly at room
temperature. It is interesting that the dispersion of the water-
soluble RB in water could also be controlled by the temperature
in the presence of HMC3. RB precipitated with HMC3 in water
at the bottom after heating to the high temperature (Figure 5d).
This indicated that the hydrophilic RB can be encapsulated by
HMC3 even in water. RB can be adsorbed by the hybrid
amphiphilic materials in aqueous solution,®® which might explain
why the dispersion of RB can be controlled by HMC3 in water.

4. CONCLUSION

In summary, using amphiphilic POSS containing thiol groups as
the reactive surfacant (PTPS), we developed a general,
convenient, and robust approach to fabricate the HMCs through
the thiol—ene photopolymerization at the interface between
toluene and water. The obtained HMCs were uniform with the
tunable size in diameter and wall thickness, which can be
controlled by the feed ratio of PTPS, cross-linker TMPTA, and
toluene. Because of the introduction of inorganic POSS in the
wall, HMCs exhibited good thermal and mechanical perform-
ance. Furthermore, HMCs are thermoresponsive in aqueous
solution and can be used in the controlled dispersion of dyes in
different mediums. Because of the novel characteristics, such as
easy preparation and termperature responsiveness, HMCs are
believed to have great potential application, such as in the
controlled dispersion and drug delivery.
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Experimental details, Scheme S1, and Figures S1—S4. This
material is available free of charge via the Internet at http://pubs.
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