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Surfactant-mediated synthesis strategies are widely used to fab-
ricate ordered mesoporous solids'® in the form of metal oxides’,
metals®, carbon’ and hybrid organosilicas'®"%. These materials
have amorphous pore walls, which could limit their practical
utility. In the case of mesoporous metal oxides, efforts to crystal-
lize the framework structure by thermal''® and hydrothermal
treatments'” have resulted in crystallization of only a fraction of
the pore walls. Here we report the surfactant-mediated synthesis

Image A

Figure 2 TEM images, electron diffraction patterns and the resulting structural model of
mesoporous benzene—silica. The images and the patterns are arranged in the correct
orientation relation—that is, the diffraction spots and corresponding lattice planes are
normal to each other. A, Image and pattern taken with [001] incidence, parallel to the
channels. Uniform mesopores with a diameter of 38 A are arranged in a hexagonal
manner. B, Image and pattern taken with [100] incidence, perpendicular to the channels.
Many lattice fringes with a spacing of 7.6 A are observed in the pore walls. The wavy
contrast, which is perpendicular to the lattice fringes, with a spacing of 455
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Figure 1 Powder X-ray diffraction patterns of mesoporous benzene—silicas. a, Material
after removal of surfactants. b, As-made material containing surfactants. Patterns in the
low-angle region (1 <26 < 7) are shown magnified in the insets. These materials have
both mesoscale (d=45.5, 26.0 and 22.9 A) and molecular-scale (d= 7.6, 3.8and 2.5 Z\)
periodic structures.

of an ordered benzene-silica hybrid material; this material lolas an
hexagonal array of mesopores with a lattice constant of 52.5 A, and
crystal-like pore walls that exhibit structural periodicity with a
spacing of 7.6 A along the channel direction. The periodic pore

(d= \/§a/2) are also discernible. Note that we cannot observe the contrast of 7.6-A and
455-h spacings at the best condition simultaneously for both, because the dependence
of the contrast transfer function of the objective lens on focus condition is different for
both. The electron diffraction pattern also shows diffused spots due to the 7.6-A
periodicity (large arrow) in the perpendicular direction to the spots due to channel
arrangement with d = 455A (small arrow). G, Schematic model of mesoporous
benzene—silica derived from the results of the TEM images and electron diffraction
patterns.
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surface structure results from alternating hydrophilic and hydro-
phobic layers, composed of silica and benzene, respectively. We
believe that this material is formed as a result of structure-
directing interactions between the benzene-silica precursor
molecules, and between the precursor molecules and the surfac-
tants. We expect that other organosilicas and organo-metal oxides
can be produced in a similar fashion, to yield a range of hier-
archically ordered mesoporous solids with molecular-scale pore
surface periodicity.

To produce the material, the benzene-bridged organosilane
monomer, (C,H;0);Si—C¢H,—Si(OC,Hs); (1,4-bis(triethoxysilyl)-
benzene, BTEB), was added to an aqueous solution of alkyltri-
methylammonium surfactant (3.3 wt%) containing sodium
hydroxide, and kept at 95 °C for about 20 hours. It is important to
ensure that the solution is alkaline, and the mixture ratio optimized.
The benzene—silica hybrid material was obtained by collecting the
white precipitate (as-made materials), and removing surfactant by
solvent extraction. The material is in the form of plate-like particles
(0.5-30 pm in side length and 1 pm in thickness), composed of
needle-like single crystals aligned perpendicular to the plate surface
(see Supplementary Information).

The powder X-ray diffraction (XRD) pattern of the benzene—
silica hybrid material (surfactant-free) showed three peaks in the
small-angle scattering regime (26 < 10°), with spacings d of 45.5,
26.0 and 22.9A, which can be indexed to a two-dimensional

b

Figure 3 Structural models of mesoporous benzene—silica. A, B, Images of the layered
arrangement of Si04 s—CgH4—Si04 5 units in the walls. The structure was optimized by

minimizing the three-dimensional periodic lattice using the force field COMPASS.

C, D, Images of the hexagonal lattice constructed with the layered pore-wall structure.
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hexagonal (p6mm) lattice with a lattice constant a = 52.5 A (Fig. 1
a inset). The as-made material, containing surfactant, showed a
similar XRD pattern, with the somewhat larger lattice constant a =
53.1 A (Fig. 1b inset). Both transmission electron microscope
(TEM) images and corresponding electron diffraction patterns
revealed a clear hexagonal arrangement of one-dimensional chan-
nels with uniform size (Fig. 2A and inset). Nitrogen adsorption
isotherms also confirmed the existence of uniform mesopores, with
the modified BJH (Barrett—Joyner—Halenda) pore diameter'® of
38 A. The BET (Brunauer—Emmett—Teller) surface area and meso-
pore volume were 818 m®g™" and 0.66cm’g ™, respectively (see
Supplementary Information).

The XRD patterns at medium scattering angles (26 = 10-70°)
display four sharp peaks at d = 7.6, 3.8, 2.5 and 1.9 A (in addition to
three peaks at small scattering angles) (Fig. 1a). These diffraction
peaks can be explained by a periodic structure with a spacing of
7.6 A. TEM images reveal many lattice fringes—stacked along the
channel axes, with a uniform spacing of 7.6 A—on the pore walls
over the whole region (Fig. 2B). Electron diffraction spots corre-
sponding to 7.6-A periodicity and its higher order are observed
perpendicular to the diffraction spot owing to the mesopore
arrangement (with a = 52.5A), _although we cannot observe
higher-order reflections of 45.5-A periodicity (Fig. 2B inset).
These results clearly indicate that molecular-scale periodicity
exists in the whole region of the pore walls, which consist of the

The structure was also minimized by using the force field COMPASS. Atoms are

represented as a stick model. Silicon, orange; oxygen, red; carbon, white; hydrogen,

yellow.
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Figure 4 Model showing the pore surface of mesoporous benzene—silica. Benzene rings
are aligned in a circle around the pore, fixed at both sides by silicate chains. The silicate is
terminated by silanol (Si—OH) at the surface. Hydrophobic benzene layers and hydrophilic
silicate layers array alternately at an interval of 7.6 A along the channel direction. Silicon,
orange; oxygen, red; carbon, white; hydrogen, yellow.

benzene—silica composite. As-made mesoporous benzene-silica
also displays the 7.6-A periodicity along the walls (Fig. 2C). The
peak intensity of the 7.6-A periodicity in the powder XRD pattern is
almost the same for surfactant-free and as-made mesoporous
benzene—silicas, indicating that the periodicity is completely
retained after removal of surfactant (Fig. 1b). Si and "*C magic
angle spinning nuclear magnetic resonance (MAS NMR) measure-
ments clearly showed that the pore walls of the mesoporous
benzene—silica are made of a covalently bonded network composed
of O,5S1—-C¢H,—SiO; 5 units, and that no carbon-silicon bond
cleavage of the BTEB molecule occurred during the synthesis
(Supplementary Information). The sharp signals due to silicon
species of the ’Si MAS NMR spectra are indicative of a unique
and uniform environment around Si atoms in the walls, consistent
with the crystal-like pore-wall structure found in XRD, electron
diffraction and TEM observations.

Figure 3 shows a structural model of the mesoporous benzene—
silica, which is constructed on the basis of the well-defined structure
of crystalline 1,4-bis(trihydroxysilyl)benzene ((HO);Si—CsH,—
Si(OH);, BTHB; ref. 19). The BTHB molecule, a triol analogue of
the BTEB molecule, forms a layered structure in which BTHB
molecules are packed in a head-to-tail manner within sheets
with an interlayer spacing of 10.1 A. Hydrogen-bonding of silanols
(Si—-OH---HO-Si) among BTHB molecules stabilizes the crystal
structure. We substituted covalent bonds (Si—O-Si) for the hydro-
gen bonds in the model of mesoporous benzene—silica (Fig. 3A and
B). Minimizing the framework energy of the covalently bonded
periodic lattice using a molecular mechanics simulation resulted in
a slight decrease in the interlayer spacing, to 7.68 A, in good
agreement with the 7.6-A periodicity observed by XRD and electron
diffraction patterns. We have constructed a hexagonal lattice model
of the mesoporous structure on the basis of the periodic pore-wall
structure (Fig. 3C and D). The side view of the pore walls in the
model (Fig. 3D) resembles very closely the images of TEM (Fig. 2B),
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supporting the validity of the structural model. The mesoporous
benzene—silica is thus a hierarchically ordered porous material,
displaying both meso- and molecular-scale periodicity. The material
had extremely high thermal and hydrothermal stability: thermo-
gravimetric analysis showed that benzene groups were kept in the
walls up to 500 °C in air or nitrogen (Supplementary Information),
and the meso-and molecular-scale periodicity was completely
preserved even after boiling the material in water for 8 hours.

Self-assembly of the framework source of organosilane BTEB
molecules formed the periodic structure in the walls of the meso-
porous benzene—silica probably because hydrophobic and hydro-
philic interactions directed the self-assembly of BTEB molecules
into the framework structure'®. Similar molecular-scale periodicity
was also observed in mesoporous ethylene (—-CH = CH-)-silica,
though it had smaller molecular-scale periodicity (5.6A). The
periodicity in the walls increased with increasing molecular length
of organic groups, suggesting that the layered structure with the
organic group as a pillar is essential for formation of the organo-
silica hybrid materials. In the case of smaller interactive organic
groups of ethane (-CH,-CH,-) and methane (-CH,-), the
mesoporous materials showed no molecular-scale periodicity,
even though they had highly ordered mesostructures. This suggests
that strong interaction of organosilane molecules is important to
form the molecular-scale ordered structures. However, molecular-
scale periodicity is not seen in the non-periodic amorphous
benzene—silica and other organic—inorganic hybrid materials pro-
duced by sol—gel methods not using surfactants®>*'. This suggests
that the self-assembly of the surfactant and the resulting mesos-
tructure promotes the formation of the molecular-scale periodic
wall structure. These observations suggest that analogous interac-
tions can be exploited in the synthesis of a variety of hierarchically
ordered materials with not only hybrid organosilicas but also hybrid
organo—metal oxides.

We find a unique surface structure in the model of mesoporous
benzene—silica, in which hydrophilic silicate layers and hydropho-
bic benzene layers array alternately (Fig. 4). This structure, with
periodically arranged hydrophobic—hydrophilic surfaces, could
enable structural orientation of guest molecules or clusters enclosed
in the pores, which in turn might improve the selectivity and
activity in catalytic applications, and enhance the opto-electrical
efficiency of included molecules and clusters. We have sulphonated
the mesoporous benzene-silica while preserving both the meso-
and molecular-scale ordered structures (see Supplementary Infor-
mation). The sulphonic acid-functionalized mesoporous material
might find use as a solid acid catalyst that can be readily recovered
and reused”. The sulphonate groups were kept at pore walls up to
500 °C in air or nitrogen, as confirmed by mass spectroscopy. This
unusually high thermal stability would allow the use of this solid
acid catalyst not only in liquid-phase reactions, but also in gas-
phase reactions at high temperature. Because the sulphonic acid
groups serve as carriers of protons, the sulphonated mesoporous
benzene—silica might also find use as an electrolyte for fuel cells.
Moreover, fluorescence spectra indicate some interactions between
benzene rings in the walls (see Supplementary Information). The
closest intermolecular distance of benzene rings is 4.4A in the
model (Fig. 3A); if closer staking of benzene rings in the walls could
be achieved, m—m conjugation of the rings would render the porous
framework conducting. U

Methods

Preparation of mesoporous benzene-silica material

Mesoporous benzene—silica was synthesized from 1,4-bis(triethoxysilyl)benzene (BTEB),
Azmax Japan, in the presence of octadecyltrimethylammonium chloride (ODTMA)
surfactant. ODTMA (16.665 g, 47.88 mmol) was dissolved in a mixture of ion-exchanged
water (500 g) and 6 M sodium hydroxide (NaOH) aqueous solution (40 g, 200 mmol
NaOH) at 50—60 °C. BTME (20 g, 49.67 mmol) was added to the ODTMA solution under
vigorous stirring at room temperature. The mixture was treated ultrasonically for 20 min
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to disperse the hydrophobic BTEB in the aqueous solution, and stirred for 20 h at room
temperature. The solution was kept at 95 °C for 20 h under static conditions. The resulting
white precipitate was recovered by filtration and drying to yield as-made mesoporous
benzene—silica material (8.22 g). Surfactant was removed by stirring 1.0 g of as-synthe-
sized material in 250 ml of ethanol with 9 g of 36% HCl aqueous solution at 70 °C for 8 h to
yield mesoporous benzene—silica (0.69 g).

Sulphonation of mesoporous benzene-silica

The mesoporous benzene—silica was dried under evacuation at 107°~107 torr for 4 h and
added to 25% SO;/H,SO, solution. The dispersed solution was kept at 105-110 °C for 5 h.
The dispersion was cooled at room temperature, and added to a large volume of water. The
solid was filtered and washed with water repeatedly, then boiled in ion-exchanged water
for 1h, filtered and washed with boiling water repeatedly. Finally, the solid was stirred in
6 M hydrochloric acid aqueous solution for 24 h to protonate and form sulphonic acid
groups. The acid content of the mesoporous material was determined from the titration
curve. The sulphonated sample (50 mg) was immersed in 10 wt% sodium chloride
aqueous solution for 24 h. The solution was titrated with 0.05M NaOH to produce the
titration curve. The acid amount was determined to be 0.40 mequiv. g”'. The sulphonation
conditions could sulphonate both the benzene rings and the silica.
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The subglacial Lake Vostok may be a unique reservoir of genetic
material and it may contain organisms with distinct adapta-
tions'~, but it has yet to be explored directly. The lake and the
overlying ice sheet are closely linked, as the ice-sheet thickness
drives the lake circulation, while melting and freezing at the ice-
sheet base will control the flux of water, biota and sediment
through the lake*”. Here we present a reconstruction of the ice
flow trajectories for the Vostok core site, using ice-penetrating
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Figure 1 RADARSAT synthetic aperture radar image'® of the ice sheet surface over the
southern part of Lake Vostok. Inset, map showing the outline of the entire lake, indicating
the location of the enlarged ice-surface image. In the inset, the heavy line is the region
where accreted ice is observed leaving the lake, and the dashed line is the downslope
line where the ice flux is estimated. In the RADARSAT image, the grounding line is marked
by the fine dashed line between the smooth, featureless ice surface over the lake and the
rough ice surface over the grounded ice sheet. The shallow, narrow embayment and its
possible connection to the main lake are seen along the western shoreline. The ice
flow trajectory shown white is derived from interferometry*'2. The four ice flow
trajectories derived from internal layer structures are shown as black lines across the lake.
The Vostok flow trajectory is illustrated as a dashed black line. The Vostok ice-core site is
marked by the circle. The location of the radar profile shown in Fig. 2 is indicated by the
long white line that crosses the Vostok core site. The radar profiles shown in the ‘fence
diagram’ (Fig. 3) are shown as the intersecting white lines to the northwest. The GPS
velocity vectors are shown as arrows.
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