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In biomimetic silicification, we abstract essential factors
from biosilicification occurring in nature (i.e., biogenic silica
formation) in the mechanistic aspects and apply them to the
anthropogenic synthesis of silica under mild conditions in the
controllable way. For example, our group reported that poly(2-
(dimethylamino)ethyl methacrylate) and its quaternized form
chemically mimicked silaffins, which were found in diatoms,’
and acted as a catalytic template for the size-controlled syn-
thesis of silica and titanium oxide thin films.> In addition, the
biomimetic strategy was combined with a technique of layer-
by-layer self-assembly to encapsulate individual living yeast
cells with silica;” as expected, the biomimetic synthesis of silica
was achieved under physiologically favorable conditions (i.e.,
ambient pressure, room temperature or below, and near neutral
pH values), and it, therefore, proved advantageous over the con-
ventional sol-gel process especially when dealing with biological
entities, such as proteins and cells.* Other groups also have
studied the biomimetic approach to the synthesis of silica par-
ticles and thin films based on biosilicification of diatoms.’

Compared with diatoms, glass sponges, another silica-form-
ing species, have been studied relatively less in the chemistry
point of view,” although catalytic proteins, called silicateins
(silica proteins), were identified, and their catalytic mechanism
was suggested in the late nineties:* serine-26 and histidine-165
in silicateins were reported to be required for their catalytic
activity.6° In other words, the biosilicification in glass sponges
was thought to involve the nucleophilic attack of the OH group
to silicon alkoxide assisted by hydrogen bonding of imidazole
to the OH group. Based on the proposed mechanism, Morse et
al. reported that certain small molecules, such as cysteamine
(HSCH,CH,NH.), were catalytically active for silica synthesis
from silicon alkoxides at neutral pH.(’b However, the silica struc-
tures formed by these biomimetic catalysts were not individually
separated, discrete silica particles but interconnected aggregates
of silica particulates. Considering the wide range of applications
of discrete silica particles,” we thought that the biomimetic
approach, performed under mild reaction conditions, would be
advantageous over or complementary to the conventional Stober
method that generally requires harsh conditions. Especially,
the formation of relatively pure silica particles would be anti-
cipated in the mimicry of the biosilicification of glass sponges,
while silica/organic hybrids were formed by silicification mi-
micking diatoms. In this Communication, we demonstrated that
the simple addition of a surfactant, cetyltrimethylammonium

bromide (CTAB), to the Morse’s protocol led to the formation
of discrete silica microspheres.

The synthetic procedures are shown in Figure 1. The final
concentration of cysteamine was fixed to be 50 mM by follow-
ing the Morse’s conditions, and that of tetracthyl orthosilicate
(Si(OEt)s; TEOS) to be 120 mM, after our optimization (we opti-
mized the concentration for this and other systems, and will
publish a full description later in a separate paper). The 5S-mM
CTAB was used, and the ratio of water and ethanol was varied.
To a mixture of cysteamine and CTAB in a water-ethanol system
was added TEOS with vigorous shaking, and the silicification
was carried out at ambient temperature without shaking/stirring.
The initial pH was measured to be about 8. A white precipitate
was observable in about 45 min with the naked eye. After 3 h,
the resulting precipitates were washed with ethanol several
times, dispersed in ethanol by sonication, and characterized by
field-emission scanning electron microscopy (FE-SEM).

In the FE-SEM micrographs we clearly observed individually
separated silica microspheres (formed in the 0.6:1 (v/v) mix-
ture solution of water and ethanol) (Figure 2a). The shape-uni-
formity was noticeable, and the surface was remarkably smooth,
although we occasionally observed small nanoparticles with
diameter less than 150 nm. We measured the diameter of at least
250 microspheres, and the average diameter was calculated to
be 1.03 £ 0.05 pm. In comparison, Morse observed the inter-
connected aggregates of silica particulates with the diameter
ranging from 40 to 100 nm. It is noteworthy that the biomimetic
approaches have generated only sub-micrometer-scaled silica
particles so far."° At this moment, the role of CTAB in the
observed size increase remains to be seen, but CTAB clearly
worked as an “insulating” agent, leading to the formation of

TEO;/

[

CTAB
Cysteamine # #

Water Addition of TEOS

Centrifugal Ci i
Ethanol entrifugal Collection

Figure 1. Schematic representation of the synthetic procedures.
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Figure 2. FE-SEM micrographs of silica structures. The volume ratio
of water to ethanol: (a) 0.6:1, (b) 0.8:1, and (c) 1:1. The scale bar is
5 pm.

discrete silica microspheres.

We found that a slight change in the ratio of water and ethanol
dramatically changed the size and morphology of silica. For
example, when we increased the ratio from 0.6:1 to 0.8:1, we
observed that the size of silica microspheres was increased to
1.25+0.08 um (Figure 2b). The individual spheres were clearly
separated from each other. However, further increase of the
ratio to 1:1 yielded the interconnected aggregates of silica par-
ticles (Figure 2c). The size was increased to about 2.2 um, and
most of particles coalesced to form the oligomers. These results
implied that many factors played roles in the formation of silica
structures, and it would be feasible to generate a variety of
structurally controlled silica by fine-tuning the reaction para-
meters and conditions. A systematic study on the control of silica
structures will be our next research thrust.

In summary, we demonstrated that individually separated
(“discrete”) silica microspheres were synthesized by using
cetyltrimethylammonium bromide as a shape-directing (pro-
bably “insulating”) agent. Our synthetic procedure was based
on the biomimetic approach to the silica formation, which
utilizes small biomimetic catalysts at near neutral pH; a control
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experiment with ethylene diamine as a catalyst also yielded
oligomeric silica structures at the high pH value (about pH 12).
Although the near-neutral reaction condition (about pH 8) in
our synthetic procedure provides the similar chemical environ-
ment to biological silicification, it could not be excluded com-
pletely that the silicification proceeded via the Stober process.
Further detailed studies would clarify the processes in the me-
chanistic aspects.

This communication is our proof-of-concept for the shape-
controlled synthesis of silica structures, and indicates that more
structurally exquisite silica structures with various functions,
hopefully equivalent to those found in nature, could be generated
by varying/optimizing reaction parameters, such as silicon alko-
xides, catalysts, surfactants/polymers, and reaction media. Bio-
mimetic silica chemistry is still in its infancy, but we believe that
it is full of possibility in controlled anthropogenic synthesis of
silica and other metal oxide structures under ambient conditions.
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