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ABSTRACT: A new class of unique soft gels was produced by gelations of bicontinuous microemulsions
(BME). Three alternative composite gel systems, namely BME organogel, hydrogel and an organo/hydro
hybrid gel, prepared by hydrogelation and/or organogelation of BME solutions were proposed. These gels
were self-supported, and aqueous and oil microphases bicontinuously coexisted and were immobilized in
the gels. Even in “one side only” gelation products such as the BME organogel and the BME hydrogel,
alternate solvent phases without gelator were also macroscopically immobilized. Microscopic structures of
the gels were confirmed by CLSM and SEM observation. The BME organogels or hydrogels and BME hybrid
gels showed continuous porous structures and double network structures, respectively. Mesostructures of
the gels significantly depended on gelation conditions. It was found that the hierarchical structure of the BME
gels was regulated by competition among three synergetic rate factors: immobilization of the BME structure
by gelation, mesoscopic phase separation by gelation, and the time-dependent transformation of a solution/

solution structure toward a thermodynamic structure in an equilibrium state.

Introduction

A variety of unique, jelly like solid gels," comprising three-
dimensional polymeric networks containing solvents, have been
intensively researched recently. These soft materials include
stimuli-responsive (intelligent) gels,> double network gels, nano-
composite gels* and topological gels.> Such gels are expected to
have potential as polymer materials for actuators™® and drug
release systems,’ which are key polymer technologies of the
future. Soft “wet” gels have been categorized as organogels or
hydrogels according to the solvent used; the solvent is the major
component of the gels in terms of weight fraction. Generally,
organogels and hydrogels have been prepared by gelation to form
three-dimensional networks based on physical aggregation or
chemical polymerization including cross-linking.

Gelation in emulsions or microemulsions, in which water and
oil phases are microscopically separated and each phase is a
macroscopically homogeneous solution, has been investigated as
composite gel formation since the 1980s.® Hydrogel particles
prepared by hydrogelation in W/O emulsion have been investi-
gated.” Bulk organogels bearing water microdroplets prepared by
organogelation in W/O emulsion have also been researched,
because of medical applications such as dermal drug delivery.'
As expected, the converse combinations are possible but have
been rarely reported."!

The dynamic morphology of a microemulsion (ME) is gene-
rally determined by the hydrophilicity—lipophilicity balance
(HLB) of the surfactants in the emulsion system. When the
hydrophilicity and lipophilicity are well-balanced in the system,
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the microemulsion frequently possesses a bicontinuous structure,
in which the water phase and the oil phase coexist on a micro-
scopic scale, in a so-called bicontinuous microemulsion (BME) or
“middle phase” microemulsion.'? Recently, radical polymeriza-
tion in a BME initiated by thermal,'® redox,'* and photo'
initiators has received much attention in relation to formation
of polymer blocks with a continuous porous structure, due to
their potential as monolithic columns and ultrafiltration mem-
branes. Very recently, Deen and co-workers reported the poly-
merization of a polymerizable surfactant in BME with various
organic solvents.'® Several organic solvents produced self-
supported wet gels with a submicrometer scale structure based
on BME solution even after polymerization. In this article, we
report gelation of BME to produce three alternative composite
gel systems, namely BME organogel, hydrogel, and organo/
hydro hybrid gel, by hydrogelation and/or organogelation of
BME solution. A BME organogel or a hydeogel were prepared by
organogelation in micro organo phase or hydrogelation in micro
aqueous solution phase in BME, respectively. A BME organo/
hydro hybrid gel was constructed by double gelation with
hydrogelation and organogelation in both micro phases of BME.

Experimental Section

Materials. Toluene (Nacalai. Co., Japan), Sodium dodecyl
sulfate (SDS; Nacalai. Co., Japan), 2-butanol (Nacalai. Co.,
Japan), and NaCl (Wako Co., Japan) were used to prepare
microemulsions without further purification. 12-Hydroxystearic
acid (12HS; Tokyo Chemical Co., Japan), acrylamide (AAM;
Kishida Chemical Co., Japan), N,N'-methylenebis(acrylamide)
(MBAAM; Wako Co., Japan), ammonium peroxodisulfate
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(APS; Katayama Chemical Co., Japan), and N,N,N' N -tetra-
methylethylenediamine (TEMED; Wako Co., Japan) purchased
were also used without further purification. 8-Hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (HPTS, AnaSpec, Inc.;
ex, 454 nm; em, 511 nm) and 4.4-difluoro-3,5-bis(4-phenyl-1,
3-butadienyl)-4-bora-3a,4a-diaza-s-indacene (BODIPY 665/676,
Invitrogen, Co. Ltd.; ex, 665 nm; em, 676 nm) as water-soluble
and oil soluble, respectively, fluorescence dyes were used as
received. Water (R > 15 MQ) purified using a Milli-Q system
(Millipore Co. Ltd.) was used to prepare aqueous solutions.
Preparation of BME Solution. Three-phase solutions with a
middle (bicontinuous) phase were prepared according to the
phase diagrams (Figure 1). The composition of the middle phase
in a three-phase solution corresponds to the composition at the
4-fold point marked by arrow b. Because the presence of
gelators and/or fluorescence dyes significantly changes the
phase diagrams (see Figure S1), each recipe for BME solution
was different and was moderated by concentrations of surfac-
tant and cosurfactant. Typical recipes for three-phase micro-
emulsions are shown in Table 1. On the phase diagram, the
influence of the organo-gelator was relatively small and, the salt
concentration was 20% increased in order to make an adjust-
ment to deny the influence of gelator. The influence of a
chemical hydro-gelator, AAM—MBAAM, was larger than that
of organo-gelator. In order to deny the influence of AAM—
MBAAM, the concentration of cosurfactant (2-buthanol) was
increased by approximately 100%. The adding of 0.1 mM lipo-
philic dye did not influence the phase diagram at all. Besides,
10 mM hydrophilic dye had an obvious effect on the phase
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Figure 1. Typical phase diagram of a toluene/SDS+2-butanol/saline
microemulsion comprising saline (1.1 M NaCl) and toluene at 25 °C.
The regions I, II, 111, and IV are attributed to O/W, W/O, three-phase
solution including a middle phase (BME), and one phase type BME.
The points marked by arrows a and b indicate the composition of A
(Table 1) and the 4-fold point, respectively.
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diagrams and whole concentration balance including surfactant
had to be changed (See Table 1 and Figure S1).

Gelation. BME organogels were prepared with 12-hydroxy-
stearicacid (12HS, 30 mol % in toluene) as a lipophilic gelator.
BME solution with 12HS was heated at 60 °C to dissolve the
gelator and cooled to 5 °C with ca. 9 and 0.3 °C/min as rapid and
slow gelation conditions, respectively (physical gelation). The
typical gelation temperature of BME solutions (from “sol” to
“gel”) was determined by differential scanning calorimetry
(DSC) as 9 °C.

Hydrogelation in BME was achieved by polymerization of
AAM (30 wt % in water), MBAAM (19 mol % relative to
AAM), and APS (1 mol % relative to monomer) with or without
TEMED. Two different procedures, method A and method B,
were conducted. In the case of method A, the two BME
monomer solutions were prepared separately with the radical
initiator ammonium persulfate (APS), and 1 mol % (relative to
monomer) of the accelerator TEMED, respectively. Prior to the
start of gelation, both solutions were allowed to stand for at least
1 h to reach equilibrium (stabilization time). After gentle mixing
of the two BME solutions at room temperature, the mixture was
heated at 60 °C to start polymerization which was complete
in less than 10 min in the presence of the fluorescence dye.
Method B is “rapid” gelation with 10 mol % TEMED without
consideration of stabilization time. Gelation was started by
directly adding and mixing TEMED with AAM—MBAAM
BME “sol” in an ice bath at 0 °C: the reaction started instantly
and gelation was completed in less than 15 min.

In order to prepare BME organo/hydro hybrid gel, a BME
solution composed of 12HS (30 wt % in toluene) and AAM/
MBAAM (in molar ratio 19/1) aqueous solution with APS
(1 mol % relative to monomer) was prepared at room tempera-
ture. After 1 h stabilization at room temperature, polymeriza-
tion was carried out for 1 h at 60 °C then the sample was cooled
to 5 °C for physical gelation.

Characterization. Real space imaging of “wet” BME gels was
performed by confocal laser scanning microscopy (CLSM;
OLYMPUS, FV500-IX) using HPTS and BODIPY as water-
soluble and oil soluble, respectively, fluorescence dyes. Typical
concentrations of HPTS and BODIPY were 10 and 0.1 mM,
respectively. The “wet” BME gel samples were frozen instantly
in liquid nitrogen and dried by vacuum without change. The
“dried” gel samples were broken to small pieces in liquid
nitrogen. Prior to SEM observation (Tiny SEM of Technex
Lab. Co. Ltd.), surfaces of the samples were coated with Au.

Results and Discussion

Macroscopic Observation of BME Organogel, Hydrogel,
and Organo/Hydro Hybrid Gel. BME microemulsions were
prepared as a middle phase in macroscopic three-phase solu-
tions. The upper and lower phases were an oil phase and an
aqueous phase, respectively (Figure 2a). The volume ratio of
each three-phase solution was modified by adjusting the
concentrations of salt and/or cosurfactant to make the solu-
tion with an equal volume of each phase, since the addition
of gelator influenced the balance of the three phases. All of
the BME solutions prepared were electroconductive due to

Table 1. Typical Composition of Each BME Solution Prepared for the BMIE Organogel, BME Hydrogel, and BME Organo/Hydro Hybrid Gel”

BME solution organogelation hydrogelation
water  toluene NacCl SDS 2—BuOH 12HS AAM MBAAM APS TEMED
(mL) (mL) (mmol)  (mmol) (mmol) (mmol) (mmol) (mmol) (mmol) (mmol)
ABME solution 5.0 5.0 5.0 1.7 12.9
B BME organogel 3.0 3.0 3.6(3.0) 0.9 7.9 1.5
CBME hydrogel 3.0 3.0 3.0 09(1.7) 13.2(22.0) 7.6 0.56 0.24 0.11-1.1
DBME organo/hydro 5.0 5.0 50 1.52.6) 18.6(28.0) 2.5 12.7 0.94 0.4

hybrid gel
“The values in parentheses show composition with fluorescence dyes
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Figure 2. Photograph images of BME solution (a), BME organogel (b), BME hydrogel (¢c) and BME organo/hydro hybridgel (d) in three-phase
solutions. Each inset photo shows a cross-sectional image of the BME gel taken out from the test tube and cut.

—50.m —

Figure 3. Photograph (a) of a typical three-phase ME solution with HPTS and BODIPY and CLSM images of homogeneous BME solution. HPTS
image (b, aqueous microphase), BODIPY 665/676 (c, organic microphase) and superposition pattern of parts b and ¢ (d).

continuous ionic migration of sodium and chloride ions in the
aqueous phase.'” In the case of “one side” organogelation
(Figure 2b), the upper oil phase and middle phase were
immobilized, but the bottom aqueous phase was not immo-
bilized. In the case of “one side” hydrogelation (Figure 2¢), the
upper oil phase was not immobilized and the middle phase
and lower aqueous phase were immobilized. In “both sides”
gelation (Figure 2d), all three phases were gelled. The BME
organogel and BME hybrid gel located at the middle phase
were opaque but the BME hydrogel was translucent, though
the BME solutions before gelation were almost transparent. It
should be noted that a higher concentration of gelator was
required to immobilize BME solutions than for homogeneous
media (either organogelation or hydrogelation).

When the BME gels were taken out of the test tubes, they
were connected to translucent hydrogel from the lower layer
or/and translucent organogel from the upper layer. The
BME gels were self-supporting, and very soft and elastic.
No macroscopic pores were observed for all three types of
BME gels on cutting the cross sections shown in the insets to
Figure 2. Moreover, all BME gels revealed ionic conducti-
vity, proving that the aqueous phase was continuous and the
bicontinuous structure was retained in the composite gels.
Interestingly, even in “one side only” gelation products such
as the BME organogel and the BME hydrogel, alternate
solvent phases without gelator were also macroscopically
immobilized, although a very small amount of solvent oozed
from the gels when they were compressed.

In addition, the gelation of uniform BME solution without
excess saline and oil macrophases which is attributed to the
4-fold point (the mark b in Figure 1) was also conducted and
gave essentially the same gelation products as those formed
in a three-phase solution.

Microscopic Observation of BME Organogel. To observe
“wet gel” structures without drying, CLSM observation of
BME gels was conducted with hydrophilic (HPTS) and lipo-
philic (BODIPY) respectively, fluorescence dyes. Because of
three-dimensional mapping at submicrometer scale by the
discrimination between saline phase and oil phase, CLSM is
a nondestructive powerful monitoring tool in characterizing the

bicontinuous microemulsions. In a pioneer work, the elucida-
tion of the three-dimensional network structures of “wet”
polymer gels by CLSM observation was reported by Jinnai.'®

In order to confirm the potential of CLSM and dyes used,
a BME solution with dyes was observed by CLSM prior to
the observation of BME gels. Figure 3a shows photographs
of a three phase BME solution with fluorescence dyes and no
gelator. Three phases, toluene phase, aqueous phase and
middle phase were clearly represented as blue, green, and
mixed colors. The fluorescence images of the homogeneous
BME solution (middle phase) from HPTS and BODIPY and
the superposition image (HPTS/BODIPY) are shown in
Figure 3b—d, respectively. These results clearly proved that
the oil phase and the aqueous phase were microscopically
mixed entirely in the middle phase. The aqueous region, oil
region and well-mixed region on a submicrometer scale can
be discriminated as green, red, and yellow colors. However,
the texture of the original BME solution was not confirmed
due to the resolution limit of CLSM.

Whereas the thickness (or volume) of oil and aqueous
liquid layers in a microemulsion is thermodynamically con-
trolled by the hydrophilicity and lipophilicity of the surfac-
tant system, the structure of BME gels is strongly influenced
by the kinetics of the gelation process. Kinetic control of the
physical gelation process to produce BME organogels was
relatively simply achieved by control of the rate of cooling
from the “sol state” to the “gel state”. Figure 4 shows typical
CLSM images of two BME organogels formed at different
gelation speeds. The BME organogel prepared by “rapid
gelation” cooling from 60 to 5 °C at ca. 9 °C min
(Figure 4a) gave a texture-less yellowish CLSM image. The
image was very similar to those of a “sol” state or homo-
geneous BME solution without gelator, even though the
CLSM image of BME organogels revealed an unclear bleary
feature by comparison with that of a BME solution (see
Figure 3d). The yellowish color indicates that both oil and
saline phases were uniformly mixed on a submicrometer
scale. The CLSM images clearly proved that “rapid gelation”
possibly achieved immobilization of the solution structure in
BME less than several hundred nm.
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Figure 4. Typical CLSM (a,b) and SEM (c,d) images of BME organogel prepared by *“ rapid” cooling with the rate of 9 °C/min (a) and “ slow “ cooling

with 0.3°C/min (b).

In contrast, the BME organogel prepared by “slow”
gelation cooling at ca. 0.3 °C min~ " from 60 to 5 °C revealed
a mosaic pattern of two large domains discriminated by
green and red colors, indicating mesoscopic phase separation
as shown in Figure 4b. The “green” aqueous regions and
“red” oil regions were separated bicontinuously on a scale of
several tens of micrometers, and no yellowish region was
observed.

The driving force of mesoscopic phase separation is the
lowering of the surfactant activity by gelation. As noted
above, the thickness of the liquid layers in BME is deter-
mined thermodynamically by the hydrophilicity and lipo-
philicity of the surfactant system, and each liquid layer
thickness is increased in BME with increasing hydrophilicity
or lipophilicity. In addition, the propagation of gel fibers in
oil or aqueous microphases kinetically induces lowering of
the surfactant activity following mesoscopic phase separa-
tion, in which aqueous and oil phases progressively sepa-
rate."” The mesoscopic phase separation mechanism is
similar to that of spinodal decomposition from the viewpoint
of kinetic control. Since immobilization of a bicontinuous
solution structure and mesoscopic phase separation proceed
competitively during gelation, the structures of the BME gels
were modulated kinetically as a function of gelation speed.
Similarly, mesoscopic phase separation induced by polymer
propagation was observed in the case of polymerization of
styrene-based BME (see Figure S2).

Even in the “rapid” condition we conducted, the microstruc-
ture might be influenced by mesoscopic phase separation.
Because of the limit of resolution and dynamics, the thickness
of BME solution before gelation cannot be estimated at a range

less than 100 nm by CLSM. The estimation of solution thick-
ness of BME has been done using the small angle neutron
scattering method (SANS),20 the transmission electron micro-
scope (TEM) with freeze—fracture replica technique,*"** and a
simulation.”” The thicknesses reported were estimated in the
range between several tens of nanometers and 100 nm and
depended on the emulsion systems and the measurement
method. As a direct visual estimation, TEM observation of
a freeze—fracture replica sample has been reported. Abe and
co-workers have observed typical textures with a range less
than 100 nm for polymeric silicone BME systems.”'

Parts ¢ and d of Figure 4 show typical SEM images of
freeze-dried samples of the BME organogel. Prior to SEM
observation, the gel samples were frozen and crushed in
liquid nitrogen to minimize the influence of drying. An
SEM image of the BME organogel prepared by rapid cooling
(Figure 4c) revealed a uniform sponge-like porous structure.
The wall of the porous structure consisted of organogel fiber
networks. The regular pore size of the BME organogel
obtained from SEM images was approximately 5 um. The
sizes were ten times larger than the maximum size (0.1 gm)
expected from the featureless CLSM image (Figure 4a) of the
“wet” BME organogel prepared under the same conditions.
The difference between the “wet” CLSM image and the
“dry” SEM image indicates that the sponge-like structure
with larger pores was created by drying, even though the
SEM sample was prepared by freeze-drying to minimize such
an influence. In a control experiment, the SEM image of a
homogeneous toluene gel with 12HS prepared under similar
conditions revealed a pore-free surface (see Figure S3). It
follows that the continuous porous structure observed in the
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Figure 5. CLSM (a, ¢, and ¢) and SEM (b, d, and f) images of the BME hydrogel (a—d) and BME organo/hydro hybridgel (e and f). The BME
hydrogels were prepared by method A (a and b) and method B (c and d). Concentrations of TEMED (for monomer) are nothing (e and f), Imol %

(a and b) and 10 mol % (c and d).

SEM image originated from the aqueous region in BME,
confirming the formation of a bicontinuous structure in the
BME gel. The SEM image of the BME gel sample, corres-
ponding to Figure 4b, prepared by “slow” organogelation
(Figure 4d), shows larger canyons and no micropores.

Microscopic Observation of BME Hydrogel. Similar to
BME organogels prepared by physical gelation, chemical
hydrogelation in BME allowed us to produce bicontinuous
composite gels consisting of an oil microphase and a hydro-
gel microphase, with various meso-structures regulated gen-
erally by gelation speed. It is well-known that addition of
TEMED accelerates polymerization of AAM—MBAAM
monomer. When TEMED (typically 1 mol % relative to
monomer) was added to a BME gelation system in the
absence of the fluorescence dyes, gelation was completed
within | min even at temperatures below room temperature.
The presence of the hydrophilic fluorescence dye prohibited
acceleration by TEMED. In the case of BME solution in the
presence of the fluorescence dyes, a high concentration of
TEMED (typically 10 mol %) was necessary for rapid
hydrogelation to occur within several minutes.

Itis worth recalling that a microemulsion system needs time
to reach thermodynamic equilibrium. Even when the solution
seems to be macroscopically homogeneous, the thickness of
the liquid layer for the bicontinuous phase may be changed
continuously toward an equilibrium state after mixing. When
macroscopic three-phase solutions were shaken, a mixed
solution separated instantaneously into three phases, but the
volume ratio of the three phases changed in the time required
to reach equilibrium. The volume of the bicontinuous middle
phase gradually decreased as extra water and oil were pushed
out. Consequently, the stabilization time required to reach
equilibrium after preparing the BME solution and before
gelation was also an important parameter for controlling
the microstructures of the BME gels.

In fact, the stabilization time and use of a polymerization
accelerator have a trade-off relationship, because immobili-
zation of BME solution starts immediately on addition of

TEMED to a BME solution before the emulsion system can
reach thermodynamic equilibrium. With increased concen-
tration of TEMED, the immobilization speed is increased
but the time required to reach the most stable bicontinuous
structure with minimum layer thickness is reduced. In con-
trast, the BME hydrogel system without TEMED had a
relatively long stabilization time at room temperature prior
to polymerization at high temperature.

Typical CLSM images and SEM images of two BME
hydrogels prepared in two typical different conditions
(methods A and B) are shown in Figure Sa—d. In the CLSM
image (Figure 5a) of BME hydrogel formed under method A
conditions, a yellowish featureless texture coexists with green
(black) islands with micrometer scale. The yellowish region
is attributed to ideally immobilized BME hydrogel on a
submicrometer scale. The green (black) colored islands are
aqueous regions separated from BME. The black region is
the hydrophilic area with discolored hydrophilic dye. Con-
sequently, the formation of green islands was caused by
mesophase separation, due to pushing out excess water from
a bicontinuous microphase. The contraction of the aqueous
microphase is due to reduction of the hydrophilicity of the sur-
factant system by hydrogelation. In addition, a bulk AAM—
MBAAM hydrogel gave a homogeneous CLSM image and no
such meso-separation was observed (see Figure S3).

A similar morphology to that of composite BME solution,
consisting of a yellowish featureless texture and green
islands, was observed for the BME hydrogel system prepared
by polymerization without an accelerator at 60 °C, with
sufficient stabilization time (several hours) at room tempera-
ture. The average size of the dark green islands was roughly
twice the size of those prepared by method A with the
accelerator, indicating that phase separation to form micro
hydrogel islands from BME gels was minimized by kineti-
cally facilitated gelation with TEMED.

Parts ¢ and d of Figure 5show CLSM and SEM images,
respectively, of the BME hydrogel prepared by “rapid”
gelation with 10 mol % TEMED without consideration of
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stabilization time (method B). The reaction started instantly
and gelation was completed in less than 15 min. Interestingly,
it was found that a homogeneous bicontinuous structure
formed, consisting of the micrometer scale isolated green and
red regions shown in Figure 5c. There was almost no yellow-
ish region and the green and red regions did not overlap on
the CLSM scale. The size of the bicontinuous texture with
scale between submicrometer and several ten of micrometers
was able to be controlled by reaction temperature.

The SEM images (Figure 5, parts b and d) of “freeze dried”
samples of both BME hydrogels (methods A and B) showed
similar continuous porous network structures. The struc-
tures of the dried samples observed were direct proof of the
bicontinuous structure of BME hydrogels in the “wet” state,
because the simple hydrogel (AAM/MBAAM) had a pore-
free network structure (see Figure S3). From method A,
a continuous porous network structure with 1—5 um pores
was observed for the dried sample prepared from the gel.
Although a yellowish featureless textured region and green
island region were clearly recognized in the CLSM image
(Figure 5a), no such separated region could be seen in the
SEM image of the corresponding dried sample.

The SEM image (Figure 5d) of the BME hydrogel pre-
pared by method B, in which mesoscopic phase separation
on a ca. 5 um scale was observed, showed a similar con-
tinuous network structure with larger pores (5—20 um).
Interestingly, the continuous porous network structures
formed by method B resembled the structures produced by
method A, notwithstanding the different scale of the pore
size. A similar physical appearance of continuous porous
structure has also been reported for monolithic silica pre-
pared by spinodal decomposition based on the sol—gel
method. Nakanishi et al.** have reported the construction
of monolithic silica columns and their application as column
packing materials for high performance liquid chromato-
graphy (HPLC). The morphologies of the porous materials,
especially pore size, are controlled by the reaction kinetics
and reaction parameters such as chemical structure and
concentration of silica precursor, external solvents and
temperature. It is noteworthy that both techniques can
produce very similar continuous porous structures, despite
entirely different approaches and materials. Very recently,
Jinnai and co-workers have reported porous NIPAAm
polymer gel prepared by spinodal decomposition.'®%

Microscopic Observation of BME Organo/Hydro Hybrid
Gel. Figures Se and f show typical CLSM and SEM images
for the BME hybrid gels made by double gelation in both oil
and saline microphases. Gong and co-workers reported
double network (DN) hydrogel systems that were very tough
and showed low friction, and discussed the resemblance of
the DN gels to biosystems.? Prior to heating for chemical
gelation, the BME solution in the presence of 12HS and
AAM/MBAAM without TEMED was prepared at room
temperature and allowed to stand for 1 h. Then polymeriza-
tion was conducted at 60 °C, and the sample was cooled to
5 °C for physical gelation.

The structure of the BME hybrid gel consisted of the
homogenecous BME gel phase (yellowish) and separated
islands (green) shown in Figure Se. The texture in the CLSM
image was very similar to that of the BME hydrogel prepared
by method A. Formation of separated islands of hydrogel
microphase was induced by hydrogelation but not by organo-
gelation. As hydrogelation was conducted prior to organo-
gelation, the mesostructure of the hybrid gels was deter-
mined by the chemical gelation step.

Compared with the porous network structures of “one
side” gelled samples, the morphology of BME hydrogel
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observed by SEM was entirely different despite the resem-
blance of the CLSM images. Figure 5f shows that the SEM
image of the BME hybrid gel had a pore-free smooth surface.
These results clearly proved the existence of a hybrid gel
system in which the both organic and aqueous microphases
were immobilized by each gelation step.

Conclusions

The novel methodology we proposed, the gelation of BME,
allows us to provide various unique hybrid “wet” gel products
consisted of water microphase and oil microphase. Continuous
porous structures were produced by alternate gelation of organo
phase or aqueous phase in a BME. Moreover, bicontinuous
organo/hydro hybrid gel are provided by gelation of the both
phase. The hierarchical structure of the BME gels was regulated
by competition of three synergetic rate factors, namely immobi-
lization of BME structure by gelation, mesoscopic phase separa-
tion by gelation, and the time-dependent transformation of
solution/solution structure toward thermodynamic structure in
equilibrium state. These results should lead us to the development
of promising novel composite soft materials with hierachiral
nanostructures prepared by various combinations of polymeri-
zation and/or gelation in BME in the future. Detailed studies
including physical properties are in progress.
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