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Mesocellular Siliceous Foams with Uniformly Sized
Cells and Windows
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Molecular sieves with uniform large pores are desirable for
chemical reactions and for use in separations involving large
molecules. Periodic cubic and hexagonal mesoporous silica
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Figure 1. Small-angle X-ray scattering from a MCF with a cell diameter

phases with uniform large pores have been synthesized by usingof 33 nm>7

nonionic triblock and star diblock copolymers as templétes.
Control over the pore size is achieved by adjusting the hydro-
phobic volumes of the self-assembled aggregatés this paper,

we describe how adding a sufficiently large amount of an organic
cosolvent induces a phase transformation from the highly ordered
p6mm mesostructure of SBA-15-type mesoporous silicas to
remarkable mesostructured cellular foams (mesocellular foams,
MCFs) composed of uniformly sized, large spherical cells that
are interconnected by uniform windows to create a continuous
3-D pore system. The interconnected nature of the large uniform

pores makes these new mesostructured silicas promising candi-

dates for supports for catalysts and in separations involving large
molecules, and they may be of interest in low-dielectric applica-
tions.

The MCFs have been synthesized in aqueous acid by using
dilute Pluronic P123 solutions in the presence of 1,3,5-trimeth-
ylbenzene (TMB) as organic cosolveéiX-ray diffraction (XRD)
experimentsreveal well-resolved peaks at small angles, as shown
in Figure 1 for a sample with a cell diameter of 33 nm. Careful
analyses of the scattering data for MCFs show that the higher

order peaks cannot be indexed to any plane or space group (e.g.

pémn) or to a lamellar diffraction pattern. In fact, after subtraction
of the background,the X-ray data are in good agreement with
simulated scatteriigdue to monodisperse spheres (cells) of
diameterD (see Table 1), while attempts to fit the X-ray data to
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Figure 2. Transmission electron micrographs of MCFs with cell
diameters of 22 (a) and 32 nm (b).

scattering from polydisperse spheres have yielded only poor
results. Transmission electron micrograplo$ the MCFs are
shown in Figure 2: a MCF with a cell diameter of 22 nm displays
local and long-range order (Figure 2a); another sample, possessing
32-nm-sized cells, shows less long-range order (Figure 2b).

Nitrogen sorption measuremetitstrongly support the proposed
MCF pore structure. The isotherms show large hystereses, which
in conjunction with BdB pore size analyses and X-ray
experiments suggests that the MCFs possess ink-bottle-type pores
in which large cells are connected by narrower windéWEhe

(6) The subtracted background is described by a power law cyrvea
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Table 1. Physical Data for Siliceous Mesocellular Foams nected spherical cells whose size is controlled by the size of the
surface pore TM_B/P123 droplt_ats. Windows between cells would form at
TMB/ sphere cell window area vol° poros- regions where adjacent droplets come into contact and thus arise
P123 (wt diam dian?  dianP (m2  (cm? ityP from droplet-packing effects.We are currently investigating the
sample ratio) D2(nm) (nm) (nm) gy gy (%) more detailed aspects of the phase transition and mechanism of
No Fluoride Added formation of these novel materials.
P1 0.3 27 24(8.0) 7.2(1.3) 585 1.0 69 For a homologous series of MCFs with varying cell sizes, the
S %-575 %% 2321((%27)) %%((11-38)) Z;E')% 1222 Zg% area of a cell occupied by a single window should be similar if
: : A : each cell has the same number of neighbors. For MCFs
P3 15 @ Vi_?h(sF'lo) _1dlee(l'1) 655 17 79 synthesized without fluoride, windows formed by assembly of
ith Fluori 12 close-packed neighboring droplets could occupy up to 30%
EéE 8'75 ??21 ??2 ((75:?)) llg ((21.'4%) ggg 213 g?} of a cell’ls surface; these MCFs resgmble arrays of large sph.eres
P6F 15 33 36(6.3) 18(20) 625 24 85 that are interconnected by smaller windows. In MCFs synthesized

- - with fluoride, the windows occupy a larger fraction of the surface

* Determined from small-angle X-ray scattering. ° Determined of the cell (up to 80%). Therefore, the latter MCFs resemble a
from nitrogen sorptiofi.In parentheses: full-width-at-half-maximum |ayice of struts rather than an array of spheres (see Supporting
values, obtained from pore size distribution pe’&kg.Detgrmlned by Inf -
the BET method® dScattering peaks not resolved in the X-ray ' ormation). . . .
experimentse F/Si molar ratio: 0.03. Because of their strutlike structure (see Figure 2b), the MCFs

synthesized with fluoride resemble aerogélsdowever, two
1600 major differences exist between our MCFs and aerogels: (i) the
. : pore sizes in MCFs are well-defined. While aerogels may have a

14009 f characteristic pore size, their size distribution is quite |afd)
1200 4 MCFs are easy to synthesize; unlike aerogels, they do not require
prolonged gel times, solvent exchange, or supercritical drying.
Aqueous emulsions were previously employed in syntheses of
mesoporous fiber®, hollow sphered® and discrete spherical
mesoporous particlé§.The MCF synthesis, however, is more
reminiscent of a nonaqueous emulsion templating route to prepare
macroporous oxides with much larger céll3.o produce materials
with a narrow pore size distribution, that route requires the
emulsion droplets to be fractionated. Using thermodynamically
more stable microemulsioA3rather than metastable emulsidns,
, : . ‘ appears to circumvent the necessity of fractionating the template.
0 02 04 90 08 ! Other routes to large-pore silicas use either colloidal polystyrene

Relative Pressure (P/Py)

Figure 3. Nitrogen sorption isotherm and corresponding pore size Microspheres$ or ionic block copolymerg as templates. Com-
distributions (inset) of a representative MEF. pared to those routes, the MCF synthesis described here is simpler,
more efficient, and less time-consuming.
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Adding TMB to the aqueous Pluronic P123 solution (TMB/ JA983218
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