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A water soluble silica precursor, tetrahydroxyethyl orthosi-
licate (THEOS), was used for the synthesis of mesoporous silica
from micellar solutions of a nonionic surfactant bearing choles-
terol moiety (ChEO10), which also forms a variety of lyotropic
liquid crystal (LLC) structures. The resulting mesoporous silica
showed ribbon-like structures, both in mm and nm scale, corre-
sponding to the rectangular LLC phase of ChEO10. We propose
the use of THEOS as a novel silica precursor for the investiga-
tion of tailored imprinting of LLC topology into the mesoporous
silica.

Mesoporous silica with nanometer-scale well-ordered pores
in size and connectivity is of interest for catalysis, chromatogra-
phy and other applications. Origin of such organized structures
of the mesoporous silica is attributed to the topology of the sur-
factant self-organization as a template imprinted by the conden-
sation of silica precursor such as tetraethyl orthosilicate (TEOS);
Si(OCH2CH3)4, tetramethyl orthosilicate (TMOS); Si(OCH3)4.

1

TEOS and TMOS are insoluble in water and require acidic or
alkaline conditions for the hydrolysis to generate reactive mono-
mers. Under these conditions, it is difficult to design and control
the topology of the mesoporous silica. We have utilized a
novel silica precursor tetrahydroxyethyl orthosilicate (THEOS);
Si(OCH2CH2OH)4, which is soluble in water and hydrolyses to
form silicic acid at the neutral conditions.2 Upon dissolution in
water, THEOS easily hydrolyses and yields ethylene glycol,
which barely affects the self-organized structures in the surfac-
tant solution, therefore we could utilize the readily available

aqueous phase diagram of selected surfactant for the investiga-
tion.

We have chosen a non-ionic surfactant bearing cholesterol
moiety (ChEO10), which provides a variety of lyotropic liquid
crystal (LLC) phases as shown in Figure 1.3 Ion-exchanged
water (270 g) and non-ionic surfactant (ChEO10) (15 g) were
mixed thoroughly to obtain a clear solution at room temperature.
Thereafter, THEOS (15 g) was added into CHEO10/water solu-
tion and was stirred for 24 h at 60 �C. After the reaction, the so-
lution was dried up at 90 �C for 24 h to remove solvent. Residual
solids were washed by ethanol to remove ethylene glycol, then
filtered and dried at 80 �C for 5 h.4
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Figure 1. Phase diagram of ChEO10/water system
3 as a func-

tion of temperature and surfactant weight fraction. Wm, R1,
L�H, L�, and Om denote micellar, intermediate ribbon, distort-
ed lamellar, lamellar, and reverse micellar phases, respectively.
S is a solid-present region, and II indicates a two-phase region.
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Figure 2. Morphological images by SEM (a) and TEM (b) of
the white solid obtained from ChEO10/water/THEGS mixture.
The magnified image of surface (c) and bend of the sheet (d).
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Morphological images by SEM and TEM of the white solid
obtained from ChEO10/water/THEGS mixture are shown in
Figure 2. SEM image of the sample exhibited a bending
ribbon-shaped morphology as an individual sheet or lumped
mass (Figure 2a).

The TEM image also shows a bending ribbon-shaped struc-
ture with striped pattern along the longitudinal direction with
constant interval which reveals the ordered pore structure
(Figure 2b). The interval of these stripes is found to be ca. 6 to
7 nm from the magnified image (Figure 2c). At the largest bend
of the sheet, one can also observe a regularly assembled pattern
with constant periodic distances (Figure 2d). From these images
the mesoporous structure of the sample was confirmed.5 Further
investigation of TEM by adjusting beam angle to the sample
along with the Fourier transforms of the TEM image (Figure 3)
confirmed regularly arrayed pores with rectangular structure. To
our knowledge, this is the first example of ribbon-shaped meso-
porous silica built up from layered ribbon-shaped topology,
which would have practical advantages for nano-composite
fillers or surface fabrications because of such unique thin layered
structures.

Figure 4 shows the SAXS spectra for the mesoporous silica
with embedded surfactant and for the LLC of ChEO10/water
system. The miller indices of the diffraction peaks for both
mesoporous silica (Figure 4a) and LLC (Figure 4b), indexed
as 02, 11, 13, 20, and 22, indicate a rectangular structure in
which five infinite cylinders with elliptical cross section are
packed in a rectangular lattice.3 Upon calcination of the silica/

surfactant composite there were neither changes for SEM and
TEM morphology nor differences of SAXS spectra, which indi-
cates preservation of mesopore structures after heat treatment.4

The concordance of crystallographic structures between
mesoporous silica and LLC of ChEO10/water system suggests
that the condensation of silicic acid at the micelle surface might
have propagated to the rectangular LLC structure which eventu-
ally fixed in the mesoporous silica structure. It is important to
point out that we can directly compare the topology of mesopo-
rous silica with that of the LLC of the surfactant/water system
because THEOS is soluble in water and sol–gel transformation
of silicic acid in the present system proceeds in the neutral
aqueous phase. On the contrary, the traditional process involves
solvents such as ethanol to dissolve TEOS in the system and
catalyst such as hydrochloric acid to generate silicic acid; all
of these additives seriously affect and deform the surfactant
phase diagram, hence the process becomes a black box for the
determination of mesoporous silica topology.

Assignment of crystallographic structures for the surfactant/
water phase diagram is not always easy because of their fluid na-
ture for the SAXS and other physical measurements. Utilization
of THEOS could be a useful tool for the investigation of such
vulnerable phase behaviors in the surfactant/water system. Upon
imprinting to mesoporous silica from LLC, we could have a
powder sample which would be easily investigated by TEM or
SAXS to conduct detailed structural study. So we propose it as
a novel and effective way to determine the LLC of surfactant/
water system with THEOS as silica monomer by imprinting
LLC structure to mesoporous silica. We are currently investigat-
ing the direct imprinting by adding THEOS to the original
surfactant LLC.

In conclusion, we found the usefulness of THEOS as a novel
silica precursor for the investigation of tailored imprinting of
LLC topology as a template to the mesoporous silica. Further
detailed investigation on the mechanism of silicic acid conden-
sation and formation of hierarchical LLC structures must be
done in order to establish the effective procedure to determine
the topology of LLC by imprinting its structure to the mesopo-
rous silica.

K. S. acknowledges Professor H. Hoffmann of Bayreuth
University for his inspiring introduction of THEOS as a precur-
sor for silica monolith.
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Figure 3. TEM image by adjusting beam angle to the sample,
regularly arrayed pores with rectangular structure. The right
image is the Fourier transforms of the TEM image.
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Figure 4. SAXS spectra of the mesoporous silica (a) and
lyotropic liquid crystal (b) of ChEO10/water system.
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