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Sol-gel polycondensation of tetraethyl orthosilicate (TEOS)
was carried out on the cast film of poly(styrene-b-4-vinylpyr-
idine) under basic (benzylamine), acidic (AcOH), and neutral (no
catalyst) conditions. It was found that only under the acidic and
neutral conditions, the phase-separated periodic structure of the
copolymer is finely transcribed into the silica. This is a new,
convenient method to create the thin, mosaic film from inorganic
materials.

Inorganic materials, although diverse in composition, lack
the structural variety that is one of the characteristics of
supramolecular and other organic structures.1 Since inorganic
materials with well-defined shapes have many potential applica-
tions (catalysis, chromatography, adsorbents, controlled release
materials, etc.), scientists working in materials as well as in other
fields of chemistry have devoted a great deal of their research
effort toward the development of efficient and innovative
methods in order to obtain these challenging materials.2 In one
of the methods most commonly employed, formation of the
inorganic material takes place under the influence of an organic
template (transcription).3 A variety of organic templates have
been successfully used for this transcription process; e.g.,
surfactants,4{6 latex particles,7;8 organogel systems,9{13 polymers
or polymer aggregates,14;15 and even organic crystals.16 It is
generally accepted that the actual transcription of the template
takes place because of interactions between the precursor of the
inorganicmaterial (or prehydrolyzed oligomers) and the template
surface.3 When discussing these interactions, two types are
generally distinguished. In the first, negatively charged prehy-
drolyzed inorganic precursor moieties in solution can interact
with positively charged moieties Xþ on the template surface. The
second type of interaction that can take place is hydrogen bonding
between donating moieties in the template (RNH2, RR

0NH) and
negatively charged precursor moieties in solution. In both cases,
these interactions lead to a deposition of inorganicmaterial on the
template surface. These two pathways are considered to be the
only mechanisms through which transcription can take place.
Since both involve the use of a catalyst that is free in solution, they
can be classified as solution mechanisms for transcription.
Recently, it was suggested that there is a third possibility through
which transcription of a templatemay be accomplished.17;18 If the
surface of the template contains moieties that can catalyze the
formation of the inorganicmaterial, this will lead to the formation
of small amounts of inorganic material on the surface; silica
growth will then proceed on the surface of these nuclei. This
means that transcription may take place directly and exclusively

on the template surface, without the need for catalyst in solution.
We recently demonstrated this transcription through a surface
mechanism in which the sol-gel transcription process takes place
as a result of catalyzed formation of inorganic material on the
surface of the amino-linked organogel template.17;18 The finding
implies that the sol-gel transcription under the influence of the
organic supramolecular pattern is also possible on the two-
dimensional surface. To realize this intriguing idea, we carried
out sol-gel polycondensation of TEOS on a diblock copolymer
film of poly(styrene-b-4-vinylpyridine). We have found that the
pattern created by the block copolymer is finely transcribed into
the thin silica film.19

The diblock copolymer [Mn = polystyrene (21400)-poly(4-
vinylpyridine) (20700), Mw=Mn ¼ 1:13] was purchased from
Polymer Source Inc. (Québec, Canada). The copolymer was
dissolved in 3-pentanone (1.0mgmL�1) and a carbon-coated grid
was dipped into this solution for several seconds. The solvent was
evaporated at room temperature and the resultant grid was
annealed under nitrogen at 150 �C for 3 h. The TEM image shows
the phase-separated periodic structure, indicating that each
polymer segment is phase-separated (Figure 1).

Sol-gel polycondensation of TEOS was carried out by three
different methods. In Method A, benzylamine (BzlNH2,
0.50mL), which is known to act as capable base catalyst for
sol-gel transcription of molecular assemblies,9;15;18 was used in
CH3CN (20mL), water (0.50mL), and TEOS (1.0mL). In
Method B, sol-gel polycondensation was carried out in the
absence of catalyst, expecting that the 4-pyridyl nitrogens in the
polymer would act, although weakly, as catalyst. In Method C,
acetic acid (20mL) was used, with water (1.0mL) and TEOS
(2.0mL), which serves as solvent and acid catalyst as well as an
acid to protonate the 4-pyridyl nitrogens. Onemay thus expect for
MethodC that the cationic pyridiniumunits act as adsorption sites
for anionic silica microparticles. In all cases, a diblock-copoly-
mer-coated grid was submerged in the solution spread on a Petri

Figure 1. TEM image of the surface obtained from poly(styrene-b-4-
vinylpyridine). The dark stripes correspond to 4-vinylpyridine domains as
a result of staining by iodine.
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dish (75mm in diameter).
In Method A, some network structure of silica was observed

on the copolymer film, but the sizewasmuch larger than the stripe
size in the cast copolymer and the shape did not reflect the pattern.
Presumably, sol-gel polycondensation catalyzed by BzlNH2

mainly proceeds in the bulk solution and the produced silica
particles are adsorbed or precipitated onto the copolymer film.

In Method B, sol-gel polycondensation proceeded very
slowly (judging from a change in the turbidity). In Figure 2, the
TEM images at several different reaction periods are shown.After
18 h, a characteristic periodic structure was recognized in the
TEM picture even without staining (Figure 2a), which was very
similar to that of the cast polymer film of 1. The periodic structure
of the cast polymer film in Figure 1 was observed only after
staining treatment with iodine, whereas nothing was observed
without staining. Thus, one can attribute this pattern structure in
Figure 2a to the silica grown up according to the surface
mechanism. After 3 days, one can observe many dots on the
stripes (Figure 2b). Presumably, the silica microparticles grown
up in the bulk solution are adsorbed on the striped silica on the
surface. After 7 days, the surface is covered by many dots and the
identification of the original periodic structure becomes very
difficult (Figure 2c).

The sample obtained after 18 h sol-gel polycondensation
(Figure 2a) was subjected to calcination. To avoid the crumbling
or the asymmetrical distortion of the silica film, the temperature
was raised very slowly: i.e., 1 h at 100 �C, 1 h at 200 �C, 1 h at
300 �C, and then 2 h at 500 �C in a nitrogen atmosphere. Finally, it
was heated at 500 �C for 4 h in air. By this treatment the polymer
film can be entirely decomposed. The TEMpicture of the residual
silica is shown in Figure 2d. It is clearly seen from Figure 2d that
the silica layer has amosaic structure with 15–25 nm stringwidth.
The width of the silica strings is comparable with that of black
stripes in the polymer film (Figure 1). Thus, one can easily obtain
a porous, thin silica layer.

In Method C, AcOH as catalyst mediates the sol-gel
polycondensation in the bulk solution and the cationic pyridinium
groups as the adsorption sites exist on the film surface. Being
different from the surfacemechanism inMethodB, therefore, sol-
gel polycondensation should proceed rapidly, followed by
efficient adsorption of the resultant silica microparticles onto
the film surface. In fact, the sol-gel polycondensation occurs very
rapidly. Only after 30min, a clear periodic pattern can be
recognized by TEMobservation (Figure 3a). After 1 h, the pattern
has become rather vague because of adsorption of too much
amount of silica microparticles (Figure 3b). TEM pictures taken
after 3 h and 6 h show that the white open space is no longer
continuous and becomes isolated dots. The results establish that
Method C is most efficient in order to transcribe the stripe pattern

of the polymer film of 1 into the silica.20

In conclusion, the present study has demonstrated that either
the solution mechanism or the surface mechanism in sol-gel
polycondensation17 operates efficiently, depending on the reac-
tion conditions, on the surface of the phase-separated diblock
copolymer film to transcribe the characteristic periodic structure
into the thin silica film. Undoubtedly, this is a new concept to
achieve transcription in a two-dimensional expanse. We thus
believe that the resultant silica film with a mosaic structure is
useful, for example, as filters, molds for metal patterning, nano-
wiring of circuits, etc.
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Figure 2. TEM images of silica on the copolymer filmwithout staining:
a) 18 h, b) 3 days, and c) 7 days. (d) TEM image of the networked silica
structure obtained after calcination of 18 h immersion sample.

Figure 3. TEM images of the silica formed on the poly(styrene-b-4-
vinylpyridine) film without staining: a) 30min, b) 1 h, c) 3 h, d) 6 h of
immersion into acetic acid/water (20mL/1.0mL) solution of TEOS
(2.0mL).
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