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Organic gels are useful as a template for the preparation of hollow fiber silica

Yoshiyuki Ono,a Kazuaki Nakashima,a Masahito Sano,a Yasumasa Kanekiyo,a Kazuhiko Inoue,a Junichi Hojob

and Seiji Shinkai*a†
a Chemotransfiguration Project, Japan Science and Technology Corporation (JST), 2432 Aikawa, Kurume, Fukuoka 839-0861,
Japan
b Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University, Hakozaki, Higashi-ku,
Fukuoka 812-8581, Japan

A novel mesoporous silica with a tubular structure has been
prepared using organic gel fibers as a template.

Increasing attention has been paid to low molecular-mass
compounds that can gelatinize various organic solvents effi-
ciently.1–11 These phenomena are interesting in that the fibrous
aggregates formed by non-covalent interactions are responsible
for the gelation. In particular, cholesterol-based gelators, which
can form stable gels using only non-hydrogen-bonding inter-
actions, show an excellent gelation ability towards a wide
variety of organic solvents at sufficiently low concentra-
tions.5–9,11 In addition, the resulting gels have chirally oriented
structures which are imparted from the characteristic choles-
terol skeleton. Through this study we found that even liquid
silanol derivatives can be gelatinized by some cholesterol-based
gelators.7,12 It thus occurred to us that if the sol–gel polymeriza-
tion of the silanol derivatives proceeds in the organic gel state,
the gelator fibrils should act as a template which eventually
creates a void in the resultant silica. After trial-and-error, we
have found that under certain reaction conditions the gelator
fibrils survive in the sol–gel process and construct a tubular
structure in the fibrous silica.

It is known that compound 1 can gelatinize tetraethoxysilane

(TEOS).12 First, this gel was polymerized under acidic or basic
reaction conditions. SEM observation showed, however, that
the structure which might be constructed using this gelator
fibrils as a template was not found in the resultant silica. Hence,
we newly synthesized compound 2 which contains a quaternary
ammonium cation like conventional cationic surfactants gen-
erally used as templates for sol–gel polymerization.13,14

Compound 2 was synthesized according to Scheme 1 and
identified by IR and 1H NMR spectral evidence and elemental
analysis. Since PPh3 and azodicarboxylic acid diethyl ester
were used for the condensation with cholesterol, the C-3 atom
has the unnatural inverted (R)-configuration.7

The gelation ability was tested using several organic solvents
(Table 1). It is seen from Table 1 that 2 is not very soluble in
organic solvents but can gelatinize some solvents such as
MeOH, EtOH and MeCO2H. As a gelator, therefore, 2 is not so
versatile as 1. Fig. 1 shows a SEM image of a dried gel prepared
from MeCO2H (3.0 mass%). Well grown fibrils with diameters
of 50–200 nm are observed in this photograph.

Sol–gel polymerization was carried out as follows: 2 (5.0 mg)
was dissolved in CH2Cl2 (0.3 g). To this solution were added
MeCO2H (0.32 g), TEOS (0.045 g) and water (0.016 g) in this
order. The resultant solution was evaporated in vacuo until the
CH2Cl2 was removed (monitored by the mass decrease) to give

a turbid acetic acid gel. This gel was sealed in a glass tube and
left at 20 °C for 10 days. We also prepared a reference sample
which was treated according to the same procedure in the
absence of 2. After 10 days, both mixtures were totally
solidified, indicating that sol–gel polymerization of TEOS
proceeded sufficiently. In order to preserve the original organic
gel structure and the formed silica structure they must be dried
under mild conditions. Thus, the products were dried at room
temp. for 2 days to remove MeCO2H and water. Subsequently,

Scheme 1 Reagents and conditions: i, 1,4-dibromobutane, KOH, EtOH,
reflux, 15%; ii, cholesterol, PPh3, azodicarboxylic acid diethyl ester, THF,
20 °C, 18%; iii, NMe3, THF, 20 °C, 69%

Table 1 Gelation ability of 1 and 2a

Solvent 1b 2

n-Hexane G I
Toluene S I
Dichloromethane S S
Chloroform S S
Diethyl ether Gc I
Tetrahydrofuran S I
Acetone G I
Methyl ethyl ketone G I
Acetonitrile SGd I
Methanol SG G
Ethanol SG G
Acetic acid SG G
n-Propylamine S I
Diethylamine Gfe I
Benzylamine — Gc

TEOS G I
Water I I

a The solution (5 mass%) was warmed and then cooled to 4 °C to grow the
gel: G = stable gel formed at room temperature, S = solution, I =
insoluble. b Cited from refs. 7 and 12. c The gel was formed at 4 °C but
turned into a solution at room temp. d Super-gelator in which the gel was
formed at a concentration of < 1 mass%. e Gel formed when cooled in a
refrigerator (at 26 °C) and was stable at room temp.
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they were heated at 60 °C for 5 h in vacuo in order to entirely
remove residual liquid and to accelerate the TEOS polymeriza-
tion. At this stage a portion of the samples was subjected to
SEM observation (sample A). They were further heated at 200
°C for 6 h under an N2 stream for the polymerization and the
removal of the residual stress evolved by shrinkage of the silica
network. Finally, they were heated at 500 °C for 2 h under an N2
stream and for 4 h in air (sample B) for the pyrolytic
decomposition of 2.

The SEM image of sample B is shown in the Graphical
Abstract. It is clearly seen that sol–gel polymerization results in
well grown fibrous silica and very interestingly, the tube edges
contain cavities. In order to view the inside of the strand we
obtained a TEM image (Fig. 2). It is clearly seen that these
fibers have a tubular structure with inner diameters of 10–200
nm. Although the silica may shrink to some extent during
calcination, the size is nearly comparable with that of the
organic gelator fibrils (50–200 nm: Fig. 1). On the other hand,
sample A obtained after treatment at 60 °C also gave fibrous
silica but the tubular structure was not observed in the SEM
picture. These results indicate that the organic gelator fibrils of
2 act as a template in the sol–gel process, create the tubular
structure and finally are removed by pyrolysis at 500 °C.

Here, we consider why 2 can act as the template while 1
cannot although both gelators aggregate into fibers in the
organic solvents. When the sol–gel polymerization is carried
out in MeCO2H, the propagation species is considered to be
anionic.15,16 Hence, the oligomeric silica species are adsorbed

onto the cationic gelator fibrils and the polymerization further
proceeds along these fibrils. This propagation mode can
eventually yield fibrous silica with tubular structure. This
proposal is further supported by the effect of added alcohol:
when the sol–gel polymerization was initiated in 2–MeCO2H–
TEOS–H2O–EtOH (1 : 63 : 10 : 4 : 22, m/m), the resultant silica
had a well developed fibrous network structure but tubular
structure was not observed (SEM). Since EtOH facilitates the
polymerization, the resultant silica becomes the network
structure but cannot construct the isolated silica fibers.16‡ In
contrast, the organic gelator fibrils of 1 without the cationic
charge cannot adsorb the oligomeric silica species even in the
absence of EtOH, so that the resultant silica showed only the
granular structure (SEM). Similar granular structure was also
observed for the silica obtained in the absence of the gelator.

In conclusion, the present paper has demonstrated a novel
application of organic gels as a template to prepare a novel
porous silica with tubular structure.

We thank Dr P. C. Ewbank for helpful discussions.
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Fig. 1 SEM image for the gel of 2–MeCO2H: the gel was frozen in liquid N2

and dried under reduced pressure for 2 h

Fig. 2 TEM image for the silica (sample B) with a tubular structure (125 kV
Hitachi H7100 TEM)
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