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Zeolites contain molecular-sized void spaces within their
crystal structures.[1] Over 120 framework topologies have
been recognized for zeolites and related materials.[2] Because
of their unique structures, zeolites and related microporous
materials have been investigated as hosts for molecules, ions,
and clusters, and interesting phenomena have been reported,
especially for optical applications.[3] The ability to provide for
the heterogeneous connection of zeolite structures may
enable the construction of multidimensional, nanospatial
networks. Such nanospatial networks may serve as hosts to
integrate molecular electronics and other molecular devices
within the structures. Here we take the first step toward this
goal by connecting one-dimensional cancrinite channels with
zero-dimensional sodalite cages.

Certain zeolites are composed of the same building units
but with different layer-stacking sequences.[1] Thus far, such
ªintergrowthº phenomena have been investigated with micro-
meter-sized crystals such as ERI/OFF,[4] MFI/MEL,[5] FAU/
EMT,[6] and others.[7±9] Recently, designed overgrowth for
EMT/FAU on a micrometer scale was reported.[10] To move
from observations on a micrometer scale to applications that
require control over larger length scales, such as optical
devices, we focused on the construction of the first heteroge-
neous connection between two zeolites on a millimeter scale.

Zeolites composed of six-membered rings proved to be
useful for the construction of multidimensional, nanospatial
networks. Sodalite and cancrinite have structural similarities,
since their aluminosilicate layers of six-membered rings are
identical to each other, and the structures only differ in the
stacking sequences of these layers (Figure 1). The ABCABC

Figure 1. A model of heteroepitaxial growth of cancrinite on sodalite. The
stacking sequence along the cancrinite [0001] direction is ABABAB (top),
and that along the sodalite h111i direction is ABCABC (bottom). A
composite view down the cancrinite [0001]/sodalite h111i direction is shown
on the right. The shaded areas represent the connection of a sodalite cage
and a 12-membered ring cancrinite channel on the left, and a single sodalite
cage on the right.

sequence generates sodalite cages, while the ABABAB
sequence results in the one-dimensional 12-membered ring
cancrinite channels that run along the direction perpendicular
to the layer.[1, 9] The ABCABC and ABABAB sequences are
along the sodalite h111i axis and the cancrinite [0001] axis,
respectively. The structural similarity enables us to connect
these crystals in a heteroepitaxial manner. The concept of
designed heteroepitaxial connectivity is not limited to the
system demonstrated here; for example, other three-dimen-
sional void spaces could be formed by controlling the stacking
sequences from zeolites such as AABBCC for chabazite,
AABAAB for offretite, AABAAC for erionite, AAB-
BAABB for gmelinite, etc.

Millimeter-sized cubic sodalite crystals were synthesized at
973 K and about 80 MPa from a reaction mixture of compo-
sition 3 SiO2:3 Al:2 NaCl:9 NaOH:97 H2O.[11] The optical mi-
croscograph of a single crystal thus obtained is shown in
Figure 2. The shape of the single crystals is a rhombic
dodecahedron. A crystal with dodecahedral habit is expected
to have {110} faces. The rhombus faces were verified to have
{110} orientations by back reflection Laue X-ray photo-
graphy.[11a] Cancrinite was synthesized as described in the
Experimental Section. When no sodalite crystals are added,
aggregates of cancrinite crystals in the shape of hexagonal
prisms are precipitated. The conditions necessary for hetero-
epitaxial growth of cancrinite on a sodalite substrate were
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Figure 2. Optical photograph of a millimeter-sized sodalite single crystal
grown under high-temperature, high-pressure hydrothermal conditions.
The shape of the sodalite crystal is a dodecahedron, and the rhombus faces
are sodalite {110} planes.

optimized by reducing the contribution of spontaneous
nucleation. Such conditions were found by varying the time
at which the sodalite crystals were introduced into the
cancrinite synthesis solution. Millimeter-sized sodalite single
crystals, prepared separately as described above, were placed
in the cancrinite synthesis solution in the middle of the
heating period. After a certain time, sodalite crystals over-
grown with cancrinite were recovered and washed with
distilled water. The changes in the morphology on sodalite
faces were observed with a powder X-ray diffractometer
(PXRD, Mac Science, MO3XHF22), a field-emission scanning
electron microscope (FE-SEM, Hitachi S-900), and trans-
mission electron microscopes (TEM, JEOL JEM 2010F and
JEM 4000FX-II) as a function of the cancrinite synthesis time.
For the TEM observations, the sample was processed with a
focused ion beam system (FIB, Micrion, JFIB-2100). A cross-
sectional specimen was prepared and thinned down by a
gallium ion beam to only 200 nm, since the zeolite framework
proved to be fragile at lower thickness. In addition to as-
grown {110} faces, sodalite {111} surfaces were prepared by
mechanical polishing.

By trial and error, conditions for shaping the surface
topology were found for the sodalite faces. Typical synthesis
conditions are summarized in Table 1. The best results were
obtained when cancrinite was grown on a sodalite substrate

for 48 h after preheating the cancrinite synthesis solution for
18 h at 358 K (entry 1). The single crystals were placed in the
cancrinite synthesis vessel after the spontaneous nucleation
and the greater part of crystal growth had been completed. An
FE-SEM photograph of the synthesis product on a millimeter-
sized sodalite {110} substrate is shown in Figure 3. This figure
shows the formation of nanocrystals of cancrinite, identified
by PXRD, with regular hexagonal-prism shape. The crystals
are homogeneous in size, and the length-to-diameter ratio is
relatively constant. Apparently, the supersaturation in the

Figure 3. FE-SEM photographs of synthesis products on a sodalite {110}
substrate. The cancrinite crystals in the shape of hexagonal prisms grow in
parallel and have the same orientation in the basal plane.

synthesis medium was low enough to allow the formation of
well-faceted crystals. The growth rate in the pore direction
was higher than that in the basal plane of cancrinite, and this
resulted in crystals with a nearly prismatic shape. The crystals
grow in parallel and have the same orientation in the basal
plane. In particular, the main axis of the crystals growing on
sodalite {111} faces should be perpendicular to the substrate,
while the crystals growing on the {110} faces should be
inclined with a constant tilt angle of around 358. This angle
corresponds to that between the [011] and [111] directions in
cubic crystal. These results strongly support epitaxial growth
of cancrinite crystals on sodalite crystal surfaces.

The orientation of cancrinite crystals, synthesized under the
conditions of entry 1 in Table 1, was determined by examining
cross sections of the sodalite substrate by TEM. As soon as the
focus and the astigmatism were adjusted, TEM photographs
and SAED patterns were recorded under low-dose conditions
to avoid destroying the crystal structure. The results revealed
that the cancrinite grew heteroepitaxially on the sodalite
substrate. A TEM photograph of the cross section of the
sodalite {111} plane is shown in Figure 4 a. Dense and well-
aligned cancrinite crystals grow perpendicularly to the
substrate surface with height of around 200 nm. SAED
patterns in the sodalite region, apart from the overgrown
layer, are taken along the [12Å5Å] zone axis. All the spots can be
indexed with the cubic unit cell of sodalite. On shifting the
beam spot toward the cancrinite region, while keeping all
conditions unchanged, weak spots were detected among the
strong spots of the cubic structure (Figure 4 b). The new spots
can be indexed to the [2Å112] zone axis. A composite electron-
diffraction simulation along the sodalite [12Å5Å]/cancrinite
[2Å112] zone axis is shown in Figure 4 c. All the spots in
Figure 4 b correspond well with the simulated results in
Figure 4 c. The superposition of spots of both structures
reveals the coincidence of planes (12Å1)SOD//(011Å0)CAN and
(210)SOD//(21Å1Å1)CAN. The following orientation relationships
between the two systems are obtained: cubic (111)//hexago-
nal (0001), cubic (12Å1)//hexagonal (011Å0), cubic (21Å1Å)//hexago-
nal (101Å0). The unit-cell orientation relationships correspond
to the epitaxial overgrowth of cancrinite crystals on the
sodalite substrate, as shown in Figure 1.

Here we showed that the heteroepitaxial growth of
cancrinite on millimeter-sized sodalite single crystals has

Table 1. Typical conditions for cancrinite heteroepitaxial growth on
sodalite substrates (see Experimental Section).

Entry Aging (at 298 K) Preheating (at 358 K) Growth (at 358 K)

1 2 h 18 h 48 h
2 2 h 16 h 48 h
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Rotaxane-Encapsulation Enhances the
Stability of an Azo Dye, in Solution and when
Bonded to Cellulose**
Michael R. Craig, Michael G. Hutchings,
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The groups of Cram and Warmuth have shown that exotic
high-energy intermediates such as cyclobutadiene, ortho-
benzyne, and cycloheptatetraene can be stabilized by encap-
sulation inside calixarene-based cages.[1] These results in-
spired us to attempt to encapsulate and stabilize more
mundane species such as dyes[2] and conjugated polymers[3]

by synthesizing rotaxanes[4] in which the reactive p system of
the dye or polymer is protected inside the cavity of a
macrocycle. We have previously reported the synthesis of
azo dye rotaxanes;[2a±c, 5] however, two key questions re-
mained unanswered: a) Does encapsulation improve the
longevity of the azo chromophore? b) Does encapsulation
detrimentally prevent the dye from binding to surfaces? Here
we address these issues by reporting an efficient synthesis of a

Figure 4. A TEM photograph and an SAED pattern of a cross section of a
layer overgrown on a sodalite {111} substrate. a) The substrate is sodalite
{111} prepared by mechanical polishing. The cancrinite crystals grow
perpendicular to the sodalite {111} substrate. b) An SAED pattern
recorded along the sodalite [12Å5Å ] zone axis. Spots due to cancrinite and
sodalite are observed and indexed. c) A composite electron-diffraction
simulation along the sodalite [12Å5Å ]/cancrinite [2Å112] zone axis. The spots
resulting from superposition of diffracted beams from sodalite and
cancrinite crystal planes are circled.

been accomplished. To the best of our knowledge, these
results are the first to show the feasibility of preparing in-
plane and out-of-plane oriented zeolite films with channels
perpendicular to the substrate. These composite structures
suggest a pathway toward the fabrication of multidimensional,
nanospatial networks.

Experimental Section

The synthesis consists of aging, preheating without sodalite substrates, and
growth with sodalite substrates. The starting solution had the composition
34SiO2:2Al:50NaNO3:200 NaOH:2000 H2O. First, aluminum powder,
0.1 mm in size, was added to a concentrated solution of NaOH in a Teflon
vessel and dissolved completely. In another Teflon vessel, SiO2 (Cab-O-Sil
M-5), NaNO3, and the remaining NaOH and distilled water were mixed
until the solution became transparent. Then the former solution was added
to the latter, and the mixed clear solution was stirred for 2 h. All these
procedures were carried out at 298 K. After this aging step, the solution was
heated at 358 K for 18 h without sodalite substrates. Then, sodalite was
introduced, and the mixture heated at 358 K for 48 h. The product was
washed with distilled water and dried at 358 K. When the preheating phase
was shortened by 2 h (Entry 2 in Table 1), heterogeneous nucleation on
sodalite was enhanced, and a densely accumulated cancrinite layer was
formed.
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