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Novel Silica Nanotubes Using a Library of Carbohydrate Gel Assemblies
as Templates for Sol-Gel Transcription in Binary Systems
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Sugar-based gelator p-dodecanoyl-aminophenyl-β-D-aldopyranosides (1-3) have been shown to self-assemble
in the presence of p-aminophenyl aldopyranosides. The hydrogel 1+4 showed the double-helical structure with
3-25 nm outer diameters, which is quite different from that of 1. The gel 2+5 revealed twisted ribbon structure
with 30-50 nm in widths and a few micrometers of length whereas the gel 3+4 revealed the single and the
bundled fiber structures. The difference in these gel supramolecular structures has successfully been
transcribed into silica structures by sol-gel polymerization of tetraethoxysilane (TEOS), resulting in the doublehelical, the twisted-ribbon, the single and the multiple (lotus-shaped) hollow fiber structures. These results
indicate that novel silica structures can be created by transcription of various superstructures formed in binary
gels through the hydrogen-bonding interaction, and the amino group of the p-aminophenyl aldopyranosides
acts as an efficient driving force to create novel silica nanotubes. Furthermore, electron energy-loss
spectroscopy (ELLS) provided strong evidence for the inner hollow structure of the double-helical silica
nanotube. This is a novel and successful example that a variety of new silica structures can be created using a
library of carbohydrate gel fibers as their templates.
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Introduction
The direct synthesis of discrete inorganic architectures
generally necessitates the use of dispersed organic supramolecular structures with commensurate size and dimensionality. Inorganic materials with well-defined three-dimensional morphologies have been synthesized using organic
templates like block copolymer lyotropic mesophases,2a
latex particles,2b,c colloidal crystals,2d filamentous crystals,2e
gelators,2f-h and they have potential applications as e.g.,
catalysis, chromatography, adsorbent or controlled release
materials.
Our current research purpose is to utilize the superstructural aggregates constructed in the gel systems as templates
for sol-gel polymerization. The gelators can be classified
into two categories according to the driving force for
molecular aggregation: nonhydrogen-bond-based gelators
and hydrogen-bond-gelators. Typical examples of the former
are cholesterol derivatives.3 Typical examples of the latter
are amide-,4a,c,d urea-based cyclohexanediamines4e and sugarbased gelators.4f Especially, cholesterol-based organogel
templates have created various hollow silica fibers with
linear,5a,b helical5c and multi-layered structures5d,e by sol-gel
*
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polymerization. The findings indicate that the cholesterolbased organogel fibers act as an efficient template to create
an inside tube in the polymerization process. It is already
known that either the cationic charge or the efficient
hydrogen-bonding site is indispensable to the sol-gel
transcription in order to adsorb ‘anionic’ silica particles onto
the organic molecular assemblies.5,6
Meanwhile, the sugar-based gelators provide various,
morphologically-novel superstructures such as linear,7
helical,7,8 bundled,8a multi-layered cigar-like8b and vesicular8b
structures according to their self-assembling manner in the
gel phase. Despite their structural variety, their transcription
into inorganic materials has been a few achieved.6b-c The
reasons for this are threefold: (i) either the presence of
cationic charges or efficient hydrogen-bond donating moieties
are required in order to adsorb “anionic” inorganic precursor
moieties onto the organic molecular assemblies, (ii) the selfassembled morphology of organic molecules should be
stably maintained during the sol-gel reaction, and (iii) the
gelator should gelate protic solvents for efficient sol-gel
polymerization, such as water or alcoholic solvents. However, the novel structures that satisfy the above requirements
can be accomplished using stable, artificial, organic,
supramolecular self-assembled structures. We have prepared
sugar-based gelators 1-3 as templates, which, together with
p-aminophenyl aldopyranosides 4 and 5, can form gels
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consisting of double-helical, twisted-ribbon, single and
bundled fibers that can be transcribed into various silica
nanotubes. Here, we report on the preparation of the selfassembled organic double-helical, twisted-ribbon, single and
bundled superstructures, and their sol-gel transcription to
prepare the various structures of the silica nanotubes.
Experimental Section
Equipments. 1H and 13C NMR spectra were measured on
a Bruker ARX 300 apparatus. IR spectra were obtained in
KBr pellets using a Shimadzu FT-IR 8100 spectrometer, MS
spectra were obtained by Hitachi M-250 mass spectrometer.
TEM and SEM measurements. For energy filtration
transmission electron microscopy (EF-TEM) a piece of the
gel was placed on a carbon-coating copper grid (400 mesh)
and removed after one min, leaving some small patches of
the gel on the grid. They were dried for 1 h at low pressure.
The specimens were examined with carl-ziess, using
accelerating voltage of 120 kV and a 16 mm working
distance. Field emission scanning electron microscope (FESEM) was taken on Hitachi S-4500. The silica was coated
with palladium-platinum and observed by 5-15 kV of the
accelerating voltage and 10 µA of the emission current.
Sol-gel polymerization of TEOS. In typical preparation,
(1.0-5.0) × 10−3 M gelator and additive 4 or 5 (3.0-12.0 mg)
were dissolved in water-methanol (10 : 1 v/v) or acetic acid.
The organogel sample was added to TEOS (20.0-50.0 mg)/
benzylamine (6.0-10.0 mg) or TEOS (20.0-50.0 mg)/water
(6.0-10.0 mg) and warmed until a transparent solution
obtained. Then the reaction mixture was placed at room
temperature for 7-10 days. Subsequently, the product was
dried by a vacuum pump at room temperature. Finally, the
gelator was removed by calcination at 200 oC for 2 h, 500 oC
for 2 h under a nitrogen atmosphere, and 500 oC for 4 h
under aerobic conditions.
Results and Discussion
Gelation ability and SEM observations of xerogels in
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the presence of p-aminophenyl aldopyranosides. Compounds
1-3 were synthesized according to the method reported
previously.9 The products were identified by 1H NMR, IR
and MS spectral evidence and elemental analyses. The
gelators 1-3 were able to gelate the organic solvents tested,
such as chloroform, tetrahydrofuran, 1-butanol, 1-hexanol
and ethylacetate. Of particular interest is its ability to gelate
water in the presence of methanol or ethanol (ca. 1-50 wt%)
at concentrations less than 0.1 wt%, corresponding to more
than 50000 molecules of water per gelator molecule.9 These
results prove that 1-3 can act as an amphiphilic gelator both
in water and organic solvents.
However, we have found that the presence of at least a
moderate amount of cationic charges or efficient hydrogenbinding sites in the gel architecture is indispensable for solgel transcription into inorganic materials.5,6 Therefore, we
studied a binary gel system to use the template of the sol-gel
transcription in the presence of p-aminophenyl aldopyanosides 4 and 5, the amine moiety of which can function as a
binding site for hydrolyzed tetraethoxysilane (TEOS). The
gelation ability of these gelators 1-3 in the presence of paminophenyl aldopyranosides (4 and 5) was estimated in
water and acetic acid. They can gelate in the presence of 4
and/or 5. According to differential scanning calorimetry
(DSC) study, an endothermic sol-gel phase transition
temperature of 1 gradually increased from 90 to 110 oC by
addition of p-aminophenyl aldopyranosides, indicating that
p-aminophenyl aldopyranoside 4 or 5 was truly incorporated
into the gel phase of 1, 2 or 3.
We observed the xerogel structures prepared from their
gels (hydrogel or acetic acid gel) to obtain visual insights
into the aggregation mode by SEM. The hydrogel 1 in the
presence of 4 shows well-defined double-helical fiber
structure with diameters of 3-25 nm (in Fig. 1a), lengths of
several micrometers. The gel of 1, on the other hand, only
displayed a somewhat twisted fiber structure with diameters
of 20-100 nm.9 These results suggest that the self-assembled
superstructure in the gel of 1+4 was orientated into a more
explicit chiral packing through the intermolecular hydrogenbonding interactions of the sugar moieties as well as the π-π
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Figure 2. FE-SEM image of the silica nanotubes obtained from 1
and 4 [(a) 1 : 4 = 1 : 1 w/w, and (b) 1 : 4 = 9 : 1 w/w.] and (c and e)
EF-TEM image of the silica nanotubes obtained from 1+4 = 1 : 1
w/w).

Figure 1. (a) FE-SEM image of the xerogel prepared from the
mixed gel of 1 and 4 (1 : 4 = 1 : 1 w/w) in water-methanol (10 : 1
v/v). (b) A possible self-assembling model in the bilayered chiral
fiber from the mixed gel of 1 and 4. EF-TEM images of the xerogel
prepared from the mixed gel of (c) 2 and 5 (2 : 5 = 1 : 1 w/w) and
(d) 3 and 4 (3 : 4 = 1 : 1 w/w).

stacking of the phenyl moieties present in both 1 and 4 as
shown in Figure 1b. According to NMR experiment, 20% of
p-aminophenylglucopyranoside 4 in a 1 : 1 mixture was
incorporated into gel fiber. To further study the chiral
packing structure, we measured circular dichroism (CD)
spectra of the gel 1, which gave a CD maximum at 230 nm.
Addition of 4 to the gel of 1 resulted in a gradual increase in
the CD intensity, proving that the microscopic chiral change
upon going from the pure gel of 1 to the mixed gel can be
reflected in the resultant macroscopic chiral structure.
The gel 2 in the presence of 5 displays a partly twisted
ribbon structure with 70-100 nm widths and several
micrometer length (Fig. 1c), which is similar to that
observed for 2 in the absence of 5 whereas acetic acid gel 3
in the presence of 4 displays the straight and large fiber

structure with 10-50 nm diameters (Fig. 1d: arrows indicate
the bundled fiber). It should be emphasized here that one can
recognize many stripes in a gigantic organogel fiber in high
magnification observation. These results indicate that the
sugar-integrated gel systems can act as templates to create
various new silica structures.
Sol-gel polymerization towards transcription of the
self-assembled structures using binary systems. To
transcribe the double helical superstructures of the hydrogels
into their analogous silica structures, we carried out the solgel polymerization of TEOS in a water-methanol (10 : 1 v/v)
gel of 1-3 in the presence of 4 and/or 5. The structure of
silica nanotube obtained from 1+4 was observed by SEM
and energy filtration transmission electron microscopy (EFTEM). After calcination, the morphology of the silica
product turned out to be the well defined double-helical
nanotube possessing a diameters of 50-80 nm and a pitch of
50-60 nm (Fig. 2a). These results prove that the double
helical structure of the self-assembled gel fibers of 1 and 4
was successfully transcribed into the silica nanotube
structure, most likely through hydrogen-bonding interactions between the amine moiety of 4 and negatively
charged oligomeric silica particles. Additional investigation
showed that transcription of mixtures of 1 and 4 with weight
ratios R [= 4/(1+4)] between 0.2 and 0.8, at all times the
right-handed double helical silica was obtained (Table 1).

Table 1. Results and conditions for the sol-gel polymerization
run

1+4
[w/w]

silica structure

2+5
[w/w]

silica
structure

3+4
[w/w]

silica
structure

1
2
3
4
5
6
7

90/10
80/20
60/40
50/50
40/60
20/80
10/90

granular
double-helical
double-helical
double-helical
double-helical
double-helical
granular

90/10
80/20
60/40
50/50
40/60
20/80
10/90

granular
ribbon
ribbon
ribbon
ribbon
ribbon
granular

90/10
80/20
60/40
50/50
40/60
20/80
10/90

granular
tube
tube
tube
tube
tube
granular
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Figure 3. FE-SEM images of the silica nanotube obtained from the
mixed gel of (a) 2+5 and (b) 3+4 (1 : 1 w/w) after calcinations. EFTEM images of the silica nanotubes (c) 2+5 and (d and e) 3+4
(1 : 1 w/w) after calcinations.

For R-values below 0.2, the resultant silica only displayed
the conventional granular structure (Fig. 2b). The results
clearly support the view that (i) the presence of a minimal
number of the hydrogen-binding sites is indispensable for
transcription of the self-assembled structure into silica
structure, (ii) the helicity of silica can be accurately
transcribed from that of the template, and (iii) this method
will be applicable for the efficient transcription of selfassembled superstructures into inorganic materials.
TEM pictures were taken after calcination of the transcribe
hydrogels (Fig. 2c) in order to further confirm whether the
self-assembled superstructure really acted as a template for
the formation of the silica structure. The silica structure
obtained from the mixed gel of 1+4 in water-methanol
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shows an inner hollow structure originating from the helical
gel fibers. High magnification TEM images of the doublehelical silica tubes display approximately 5.0-nm nanospace between the helical strands (Fig. 2d). Furthermore,
there is almost no change between the silica before and after
calcination, indicating that the double-helical structure of the
silica indeed originates from the self-assembled organogel
superstructure. The hollow structure of the double-helical
silica nanotube will be explained in detail by ELLS
technique later. On the other hand, the resultant obtained
from the hydrogel 1 in the presence of 5 showed the granular
structure even though 1 gelated water in the presence of
additive 5, indicating that p-aminophenyl galactopyranoside
5 is not efficiently incorporated into the glucose-type gel
fiber structure.
Figures 3a and 3b illustrate SEM pictures of the silica
materials obtained from aqueous gel 2+5 and acetic acid gel
3+4 by sol-gel polymerization. The silica obtained from
hydrogel 2+5 showed the twisted-ribbon structure with 70100 nm width. They accidentally catch several broken
nanotubes (arrows in Fig. 3a). It is seen from these pictures
that these particles have the hollow structure. Presumably,
this breakage is induced during calcination to remove
organic template. In contrast, the silica obtained from acetic
acid gel 3+4 shows the fiber structure with 70-120 nm outer
diameters (Fig. 3b). Furthermore, TEM pictures of these
silica materials are displayed in Figures 3c, 3d and 3e. The
silica material obtained from 2+5 shows the twisted-ribbon
structure with 50-80 nm inner widths and 10 nm wall
thickness after calcinations (Fig. 3c). This result indicates
that the sugar-integrated gel systems can act as templates to
create various new silica structures. More interesting is the
silica nanotube obtained from 3+4. The silica nanotube

Figure 4. TEM images with electron energy-loss spectroscopy (EELS) of the double-helical silica nanotube obtained from the mixed gel of
1 and 2 (1 : 1 w/w). (a) zero-loss image, (b) silicon component and (c) carbon component before calcination. (d) zero-loss image, (e) silicon
component and (f) carbon component after calcination.
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As a summary of the foregoing observations, we now
propose the mechanism for the formation of the novel
double-helical silica structure obtained from hydrogel 1
(Fig. 5: i), the twisted ribbon fiber silica structure obtained
from hydrogel 2 (Fig. 5: ii) and the single and lotus-type
silica obtained from acetic acid gel 3 (Fig. 5: iii and iv).
Oligomeric silica species are adsorbed onto the surface of
the bundled fibrous structure of 3 and the polymerization
further proceeds along these bundled fibrils. This
propagation mode eventually yields the lotus-type with
several small hollow cavities and single silica with one large
hollow cavity after combustion of gelators by calcination
(Fig. 5c; iii and iv). In contrast, 1 and 2 provide the minute
fibrous structure, respectively. Then, the tubular silica grows
up by sol-gel polymerization along these surfaces (Figs. 5b
and 5c). As supported by correlation between the xerogel
structures (Fig. 1) and the resultant silica gel structures
(Figs. 2 and 3), the sugar-integrated gel structures are
directly and scrupulously transcribed into the silica
structures utilizing the hydrogen-bonding interactions in
binary gel system.
Conclusion

Figure 5. Schematic representation for the creation of various silica
structures from the organogel state of 1 (i), 2 (ii) and 3 (iii and iv)
by sol-gel polymerization: (a) gelators; (b) sol-gel polymerization
of TEOS and adsorption onto the gelators and (c) double-helical
structure (i), ribbon structure (ii), single and lotus-like structure (iii
and iv) of the silica materials formed after calcination (SEM and
TEM pictures in Figs. 1, 2 and 3 were taken at this stage).

reveals two different morphologies. The first is the single
hollow structure of the silica nanotube with 10-50 nm inner
diameters (Fig. 3d). The second one is lotus-type silica
nanotube with ca. 5 nm inner diameter (Fig. 3e). Probably,
the two different morphologies of the silica nanotubes are
induced in the mixture of the single- and the bundled gel
fiber structures.
Since electron energy-loss spectroscopy (ELLS) is capable
of providing elemental and chemical information at high
spatial resolution, some energy filters equipped on the TEM
have developed. Therefore, the functioning of the gel fibers
as a template for sol-gel transcription was confirmed
independently by elemental mapping with electron energyloss spectroscopy10 as shown in Figure 4. The material (Fig.
4a) contains silicon (Fig. 4b) and carbon (Fig. 4c) components before calcination, whereas the targeting material (Fig.
4d) exclusively showed silicon component (Fig. 4e) after
calcination. This result implies again that TEOS was adsorbed on the surface of organic double-helical fibers as a result
of hydrogen-bonding interactions. Furthermore, all results
obtained clearly supports the view that the double-helical
silica nanotube possesses a nanometer-sized cavity.

The present paper has demonstrated that a variety of
superstructures are conveniently obtained using selfassembling of sugar-integrated organogel and hydrogel.
Thus, a variety of superstructural silica materials such as
double-helical, twisted-ribbon, single fiber and lotus-like
structures are created by a template method with the aid of
the hydrogen-bonding interaction of the oligomeric silica
species in the binary gel systems. The amino group of added
p-aminophenyl aldopyranosides in gel fiber acted as the
efficient driving force to produce novel structures of the
silica nanotubes. We believe, therefore, that the present
system is useful for transcription of various self-assembled
superstructures into silica materials which are eventually
applicable to catalysts, memory storage, ceramic filters, etc.
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