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Using uncharged or negatively charged L-lysine-based organo-

gelators as templates, the nanostructures of TiO2 are

controllable.

Low-molecular-weight gelators, which form supramolecular

organogels (organogelators) and hydrogels (hydrogelators), have

been much investigated not only out of academic interest but also

due to their potentially wide applications in industrial fields such as

cosmetics, foods, medical science and tissue engineering.1–4

Although gelators are small molecules, they create a three-

dimensional network by the formation of supramolecular poly-

mers through hydrogen bonding, van der Waals and p-stacking

interactions.

Template-directed synthesis is widely accepted as a simple

and cost-effective method for the fabrication of inorganic

materials through sol–gel polymerization. Since the first report

by Shinkai and co-workers on the successful use of organogels

as templates,5 the morphologies of supramolecular polymers

formed by gelators have been used as organic templates for the

fabrication of mesoporous polymers6 and nano-scaled designed

inorganic materials.7 Because the gelators form various

nanostructures such as nanofibers, nanoribbons, nanorods

and nanoparticles that depend on their molecular structures,

solvents, and concentrations,1 they are recognized as good

organic templates. For example, the sol–gel polymerization of

tetraethyl orthosilicate, titanium isopropoxide, or tantalum

ethoxide in the organogel based on the cyclohexanediamine-

typed organogelators, which formed a helical supramolecular

nanofiber, produced a hollow helical nanotube of SiO2, TiO2,

and Ta2O5.7b,8 Furthermore, using other methods except sol–gel

polymerization, the preparation of silver nanowires, CdS

nanoribbons, and Au nanoparticles have been reported.9

As the sol–gel polymerization for templates, positively charged

gelators are often used because their positively charged gel fibers

electrostatically attract the negatively charged precursors produced

in an initial stage of the sol–gel polymerization (Scheme 1);

consequently, the sol–gel polymerization occurs on the gel fibers,

leading to the fabrication of metal oxide nanotubes. The lengths

and sizes of metal oxide nanotubes significantly depend on the

nanostructure formed by a gelator. In this communication, we

describe the control of nanostructures of titanium oxide prepared

in organogels based on uncharged and negatively charged gelators.

Uncharged gelator 1 and negatively charged gelator 2 (Fig. 1)

were prepared from Na,Ne-bis(hexylaminocarbonyl)-L-lysine

methyl ester and Ne-lauroyl-L-lysine ethyl ester.10 Although these

gelators have poor organogelation properties, they form the

organogels in alcohols and 1,4-dioxane. Gelator 1 forms an

opaque ethanol gel, translucent butanol gel, and transparent

dioxane gel, and 2 forms a translucent butanol gel. The electron

micrograph studies of the samples prepared from these organogels

demonstrate that 1 and 2 formed the self-assembled nanofibers in

their organogels; for 1, the diameters of the nanofibers were 100–

250 nm in ethanol gel, 50–100 nm in butanol gel and 10–50 nm in

dioxane gel as well as 100–150 nm in butanol gel based on 2.

Therefore, the sol–gel polymerization was carried out in ethanol,

butanol and 1,4-dioxane for 1 and butanol for 2 (Table 1).

Typical procedure for the sol–gel polymerization is shown

in Scheme 2. Gelator, [Ti(OiPr)4] and propylamine as a catalyst

are dissolved in a solvent, and then the solution was cooled to

room temperature, which leads to the formation of an organogel

(A A B). The resulting gel is allowed to stand at 25 uC for 5 days
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Scheme 1 Sol–gel polymerization using positively charged gelators.

Fig. 1 Uncharged and negatively charged gelators.

Scheme 2 Typical procedure for sol–gel polymerization.
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(C). After washing with CHCl3 or BuOH, the white solid is dried

at 50 uC in vacuo overnight. The white powder of TiO2 is obtained

by calcination at 200 uC for 2 h and then 500 uC for 2 h (D).

Fig. 2 shows the SEM images of TiO2 prepared by the sol–gel

polymerization in the organogels based on 1 containing propyl-

amine as a catalyst and ethanol (A), 1–butanol (B) and dioxane

(C) and in ethanol without 1 (D). The sol–gel polymerization of

[Ti(OiPr)4] in ethanol without the gelator produced TiO2 particles

with a diameter of several micrometers (D) and their sizes were

independent of solvents (ethanol, 1-butanol, dioxane). In contrast,

the TiO2 nanotubes are formed by the sol–gel polymerization in

the organogels. Very interestingly, the size of TiO2 nanotubes

significantly depends on the solvents; the diameters of the TiO2

nanotubes are 300–600 nm (ethanol gel), 150–200 nm (butanol

gel), and 30–50 nm (dioxane gel). It is clear that the size of TiO2

nanotubes reflects that of the self-assembled nanofiber formed by

1. Namely, the size of TiO2 nanotubes is controllable by the

solvents.

As mentioned above, an electrostatic attraction between the self-

assembled nanofibers and TiO2 precursors is very important for

the fabrication of TiO2 nanotubes using the positively charged

gelators. However, gelator 1 has no charge. Why can 1 play a role

in a template? In our cases, propylamine is used as a catalyst for

the sol–gel polymerization and partial propylamines react with the

carboxy groups in 1. Indeed, the FT–IR spectra of ethanol gel

based on 1 demonstrated that the absorbance at 1780 cm21 and

1700 cm21 arising from the stretching vibration of carboxy group

(nCLO) decreased in the presence of propylamine. The sol–gel

precursors are attracted to the charged nanofibers formed by 1 and

propylamine, which leads to sol–gel polymerization on the

nanofibers.

On the other hand, the negatively charged gelator 2 showed a

quite different result. Fig. 3 shows the FE-SEM images of the dried

gel prepared from a butanol gel based on 2 (A) and TiO2 obtained

by the sol–gel polymerization in the butanol gel.11 2 creates a three-

dimensional network formed by entanglement of the self-

assembled nanofibers with a diameter of 100–150 nm (A). The

sol–gel polymerization in the butanol gel of 2 produced TiO2

nanoparticles, but not nanotubes. This result indicates that the

nanofibers do not act as a template. Because the nanofibers

formed by 2 have negative charges (negatively charged nanofibers),

the polymerization on the nanofibers is inhibited due to the

electrostatic repulsion between nanofibers and sol–gel precursors.

Interestingly, the size of TiO2 nanoparticles obtained was relatively

uniform, compared with TiO2 in Fig. 1D. The TiO2 particles

prepared without gelators have a wide size distribution from

500 nm to 3000 nm and the estimated average diameter is 1700 nm.

In contrast, the size of TiO2 prepared in the butanol gel of 2 is

small with a distribution from 400 nm to 1400 nm and the

estimated average diameter is 1200 nm. This result indicates that

the sol–gel polymerization takes place in the nanospaces in the

three-dimensional network formed by the self-assembled nanofi-

bers of 2. In the butanol gel, the three-dimensional network

consisting of the negatively charged nanofibers of 2 may have

relatively uniformed nanospaces. The sol–gel precursors cannot

approach the nanofibers due to the electrostatic repulsion and are

placed in the nanospaces as escaped from the repulsion. The sol–

gel polymerization in the nanospaces produces TiO2 nanoparticles.

In order to evaluate the sol–gel polymerization in the

nanospaces, we carried out the sol–gel polymerization in butanol

gels of 2 with various concentrations. The size of nanospaces will

depend on the concentration of 2; the increasing concentration of 2

decreases the nanospaces. Fig. 4 shows the FE-SEM images of

TiO2 prepared in the butanol gels with various concentrations of 2

and Table 2 lists the average diameters. As expected, the size of

TiO2 nanoparticles depended on the gelator concentrations. The

size of TiO2 nanoparticles decreases with the increasing concentra-

tion of 2 and is independent of the concentration of 2 more than

30 mg. Furthermore, the increase in the gelator concentrations

produces more close packed nanoparticles. This result indicates

that the sol–gel polymerization takes place in the nanospaces in the

three-dimensional network and the size of the TiO2 nanoparticles

is controllable by the concentration of 2.

Table 1 Experimental conditions for sol–gel polymerization

Gelator/mg Ti[OCH(CH3)2]/ml C3H7NH2/ml Solvent/ml

1 0 0.15 25.1 EtOH 0.85
1 61 0.15 25.1 EtOH 0.85
1 61 0.15 25.1 BuOH 0.85
1 61 0.15 25.1 Dioxane 0.85
2 9 0.10 2.3 BuOH 1.90
2 11 0.10 2.8 BuOH 1.90
2 20 0.10 5.1 BuOH 1.90
2 30 0.10 7.6 BuOH 1.90
2 40 0.10 10.2 BuOH 1.90

Fig. 2 FE–SEM images of TiO2 prepared in organogels based on 1 in

ethanol (A), 1-butanol (B) and 1,4-dioxane (C) and in ethanol without 1

(D). Scale bars are 1.5 mm for A and B, 300 nm for C and 6 mm for D.

Fig. 3 FE-SEM images of dried gel prepared from butanol gel based on

2 (A) and TiO2 prepared by sol–gel polymerization in butanol gel (B).

Scale bars are 3.0 mm.
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These results led us to propose a mechanism of the fabrication

of TiO2 in the organogels as illustrated in Scheme 3. In the case of

1, because the sol–gel precursors can readily approach the

nanofibers by changing from uncharged nanofibers to charged

ones by the addition of propylamine, the charged nanofibers act as

a template, which leads to the fabrication of TiO2 nanotubes. On

the other hand, in the organogel based on 2, negatively charged

sol–gel precursors polymerize in the nanospaces in the three-

dimensional network created by negatively charged nanofibers

because of an electrostatic repulsion between the nanofiber and the

precursor. After removal of nanofibers by calcination, relatively

uniform TiO2 nanoparticles are obtained.

In summary, we revealed the fabrication of TiO2 in organogels

and the control of the nanostructures using organogelators self-

assembling into nanofibers in organic solvents. The sol–gel

polymerization in organogels based on the uncharged gelator 1

produces the TiO2 nanotubes, while that based on negative

charged gelator 2 produces the relatively uniformed TiO2

nanoparticles. The diameter of TiO2 nanotubes are controllable

by changing of solvents; particlarly, the TiO2 nanotube fabricated

in the dioxane gel has a diameter of 30–50 nm. In contrast, the size

of TiO2 nanoparticles decreases with the increasing concentration

of 2. These results indicate that the self-assembled nanofibers for 1

and the nanospaces in the three-dimensional network created by

nanofibers of 2 function as a template in the sol–gel polymeriza-

tion. Furthermore, it is found that the nanostructures and their

sizes are controllable by suitable choice of solvents and types and

concentrations of gelators.
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11 Experimental condition for fabrication of TiO2 nanoparticles in the
butanol gel based on 2: [2] = 11 mg, Ti[OCH(CH3)2]4 = 0.1 ml,
propylamine = 2.8 ml and 1BuOH = 1.9 ml.

Table 2 Average diameter of TiO2 nanoparticles

[2] 9 mg 11 mg 20 mg 30 mg 40 mg

Diameter 1500 nm 1200 nm 740 nm 550 nm 540 nm

Scheme 3 Fabrication mechanisms of TiO2 nanotubes and nanoparticles

in organogels.

Fig. 4 FE-SEM images of TiO2 prepared in butanol gels based on 2.

Scale bars are 7.5 mm. [2] = 9 mg (A), 11 mg (B), 20 mg (C) and 30 mg (D).
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