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Introduction Control over pore size and shape is essential to the development of new and
improved materials for many applications including catalysis, chemical separations, chemical
and biochemical sensing, photonics, and electronic materials. Ceramic materials synthesis at or
near room temperature provide many exciting opportunities to control pore geometry. In this
project’, we use liquid-phase reactions of alkoxysilane precursors to generate silica in the
presence of surfactants. The temperature is in the range (between 0 and 110 °C) where the
growing silicates and surfactants spontaneously self-assemble to form ordered aggregates (Figure
1). The solidification of the ceramic permanently traps a structure analogous to the lyotropic
liquid crystalline phases formed by surfactants and block copolymers at high concentration. The
ceramic (tetrahedra in Fig. 1 center) occupies the part of the liquid crystal normally occupied by
a polar solvent. After the solid is formed, the surfactant (with yellow tails and blue heads) is
removed to generate nanoscale pores. Organic functionality (red sites in Fig. 1 center) can be
incorporated by using organically modified silanes as part of the synthesis solution.
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Figure 1. Elements being brought together to study fluorinated surfactant templating of ceramics
(center). New surfactants are being synthesized (a) and their self assembly characterized by
experiments (b) and simulations (c). Porous ceramics are synthesized (d) from the same surfactants
and the resulting material is characterized. A TEM image after surfactant removal is shown.
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Fluorinated Surfactant Templates Other researchers have developed this type of ceramic
material using a wide variety of hydrocarbon surfactant or block copolymer templates”. The
pore size and shape in the product can be manipulated by changing the hydrocarbon template
that is used. In this project, we are exploring for the first time controlling pore structure by using
fluorinated surfactants. In these surfactants, some or all of the hydrogen in the hydrophobic tail
is replaced by fluorine (Fig. 1a). Fluorocarbons are more hydrophobic than hydrocarbons, and
their bulkiness causes fluorocarbon chains to be stiffer than hydrocarbons. These properties lead
to greater ease of assembly of fluorinated surfactants compared to the analogous hydrocarbons.
The stiffness of the backbone causes fluorinated surfactants to favor aggregates with a lower
degree of interfacial curvature (such as cylindrical aggregates rather than spherical aggregates)”.
We utilize these properties to improve the synthesis of microporous and mesoporous materials.

Integration of Methods in the NIRT In this project, we take an interdisciplinary approach to
understanding and developing surfactant templated materials. We synthesize our own
surfactants (Fig. 1a) so that we can change variables such as chain length, branching, and degree
of fluorination and study their influence on pore geometry. We use thermodynamic techniques
to study the phase behavior of the new fluorinated surfactants in the presence of solvents such as
water, ethanol and carbon dioxide. Fig. 1b shows an example of a polarization contrast
micrograph that is used to determine the liquid crystalline phase of the aggregate. To
complement and accelerate these studies of the effects of surfactant structure on self assembly,
we use lattice-based Monte Carlo simulations of surfactants* to directly simulate self assembly
(Fig. 1c). Finally, we synthesize and characterize the materials themselves (Fig. 1d). All of
these studies are being done in an integrated, multidisciplinary approach. The student making
the ceramic materials, for example, works with the student performing the simulations to better
understand how to improve the long-range order of the materials. Together, they develop
hypotheses for new surfactants to try, and work with other members of the team to synthesize a
new surfactant. The phase behavior of the surfactant is characterized to provide a preliminary
estimate of the composition to use to synthesize a new material.

Utilizing  the  Fluorinated
Templates We have been able
to confirm several of our
hypotheses about the efficacy of
fluorinated surfactants as ceramic
templates. As one example, we
have been able to make silica
with 2D hexagonally ordered
close packed cylindrical pores

that are 2.6 nm in diameter using Figure 2. TEM micrographs of materials _with 2D_ hexagonal

hort fluorinated surfactant (the ordered mesopores - (a) silica prepared using fluorinated octyl
a sho ; ) p surfactant and (b) vinyl functionalized silica prepared with a
leftmost molecule in Fig. la)’. longer fluorocarbon surfactant.

This was possible because short

chain fluorinated surfactants can self-assemble. Figure 2a shows a TEM micrograph that
illustrates the long-range order of the pores. By contrast, when a hydrocarbon surfactant of the
same length is used, a disordered pore structure forms. We have also been able to use even
shorter surfactant tails to make materials with very uniform (but disordered) 2.2 nm pores.
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Another reason to use fluorinated surfactants is that they favor aggregates with low curvature.
They show an unusual propensity to form “intermediate” phases between close-packed cylinders
and lamellae. Fig. 1d shows an example of what we think may be a ceramic analogue of a “mesh
phase”. The mesh phase consists of layers of silica (visible in the micrograph) and slit-like pores
that are held open by “pillars” of silica. It is unusual to form stable layered structures such as
these in a single synthesis step, but fluorinated surfactants provide this opportunity.

A third reason that we are using fluorinated surfactants is to make organically functionalized
materials. We added a vinyl-functional precursor to fluorinated surfactant synthesis solutions,
and found that we were able to make well-ordered materials with pores smaller than have been
formed with hydrocarbon surfactants (Fig. 2b). We are testing to determine whether, as we
anticipate, the fluorocarbon surfactants provide better accessibility to the organic functionality.

The final aspect of fluorinated surfactants that we are exploring is their selectivity for certain
solvents. Often, with hydrocarbon surfactants, the pores are generated by burning the surfactant.
While they are insoluble in many organic solvents, fluorocarbons tend to be soluble in
fluorinated solvents or supercritical CO,°. Hence, we are exploring whether extraction in
specific solvents provides improved processing opportunities for fluorinated surfactant templated
organically functionalized materials.

Future Directions We have begun to show that fluorinated surfactants offer synthesis and
processing advantages for ceramic pore templating. We have also demonstrated an ability to
control both pore size and shape using the structure of the surfactant. Areas that we expect to
apply these advances in the near future are in sensing and catalytic applications. The fluorinated
templates provide advantages in the introduction and modification of organic functionality that
we are exploring for better sensing architectures. The small pore size and high surface areas of
these materials makes them excellent candidates for catalysis. These applications ultimately will
impact homeland security and medical technology (both through sensor applications), and will
increase the efficiency of industrial chemical processes (through catalysis).
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