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Abstract: A new organic–inorganic hybrid zeotype compound
with amphiphilic one-dimensional nanopore and aluminosili-
cate composition was developed. The framework structure is
composed of double aluminosilicate layers and 12-ring nano-
pores; a hydrophilic layer pillared by Q2 silicon atom species
and a lipophilic layer pillared by phenylene groups are
alternately stacked, and 12-ring nanopores perpendicularly
penetrate the layers. The framework topology looks similar to
that of an AFI-type zeolite but possesses a quasi-multidimen-
sional pore structure consisting of a 12-ring channel and
intersecting small pores equivalent to 8-rings. The hybrid
material with alternately laminated lipophilic and hydrophilic
nanospaces can be assumed as a crystallized Langmuir–
Blodgett film. It demonstrates microporous adsorption for
both hydrophilic and lipophilic adsorptives, and its outer
surface tightly adsorbs lysozyme whose molecular size is much
larger than its micropore opening. Our results suggest the
possibility of designing porous adsorbent with high amphipa-
thicity.

Zeolite is a key inorganic nanoporous material for a wide
range of industrial applications such as ion-exchangers,
adsorbents, and catalysts. Its various characteristic properties
are strongly related to the crystal structure having highly
ordered micropores. Although over 200 kinds of crystal
structures of the zeolite are known so far,[1] the demands on
zeolites, which have a high potential with regard to catalytic
activity, selective adsorption, thermal stability, water/chem-
ical resistance, etc., are continuously increasing. Therefore, in
order to give further physicochemical qualities to the frame-
work itself, the development of new zeolitic materials

containing various elements as well as functional groups[2] is
indispensable. In particular, organic–inorganic hybrid porous
solids attract much interest as a new type of functional
material, which potentially has unique adsorption ability and
high catalytic activity in comparison with conventional
zeolites.[3]

The synthesis of organic–inorganic hybrid nanoporous
materials has been conducted by a lot of researchers. Tatsumi
and co-workers reported ZOL materials with LTA-, MFI-,
and *BEA-type zeolite topologies, in which a methylene
group bridges two silicon atoms to supersede an oxygen atom
in the framework.[4] Also, several covalently linked nano-
porous materials having zeolite topology, for example, JUC-
Z1[5] (LTA-type) and PSN-1[6] (ACO-type), were synthesized
by means of a cross-coupling reaction. Besides, organic–
inorganic hybrid porous materials can be prepared from
various layered silicates or clay minerals[7–10] and their
structures are formed by employing a large bulky organic
molecule like an organosilane as a pillar unit in the interlayer
space. Recently, Bellussi and co-workers have developed
a series of original crystalline aluminosilicates called ECS
using a phenylene-bridged bis(triethoxysilyl)benzene
(BTEB), some of which showed microporosity.[11]

We also synthesized organic–inorganic hybrid materials
using BTEB after these precedents. In our case, however,
another silicon source, tetraethyl orthosilicate (TEOS), was
used together with BTEB aiming at additional physicochem-
ical properties. A nanoporous crystalline aluminosilicate
KCS-2 is one of the materials obtained by this approach,[12]

and we have succeeded in solving its crystal structure by
powder X-ray diffraction (PXRD) analysis (analysis proce-
dures and crystallographic information are summarized in the
Supporting Information (SI); additionally, the structural data
can be obtained free of charge from the Fachinformations-
zentrum Karlsruhe (76344 Eggenstein-Leopoldshafen, Ger-
many; crysdata@fiz-karlsruhe.de) by quoting the depository
number CSD-429246). This material turned out to have
a sophisticatedly designed structure that can be called a nano-
porous crystallized Langmuir–Blodgett film.

The crystal structure of KCS-2 is visualized in Figure 1.
From the top view along the c-axis (Figure 1A), zeolite-like
12-ring micropores (effective diameter of 0.74 nm) composed
of TO4 tetrahedra, in which T represents Si or Al, are
observed. The hexagonal array of micropores corresponds to
that of AFI-type zeolites, as is the case with ECS-14.[11c] From
the side view along the a-axis (Figure 1B), an alternate
stacking of two aluminosilicate layers is observed; one is
a layer pillared with phenylene groups, and the other bridged
with Q2 silicon species ((¢O)2Si(OH)2). The former layer is
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obviously derived from BTEB and also observed in ECS
compounds synthesized from BTEB. The latter would be
formed owing to the addition of TEOS as a second Si source,
and similar layers are observed in Ti-YNU-1[13] bridged with
tetrahedral Ti atoms or interlayer-expanded zeolite (IEZ)
materials[14–17] bridged with Q2 silicon species. Surprisingly, in
KCS-2, defects of pillars, both Q2 silicon species and
phenylene groups, were hardly observed, that is, all pillar
sites were fully occupied. In IEZ materials, the occupancy of
Q2 pillars is only ca. 40–60 % in comparison with an ideal
model without defects.[16, 17] In this way, KCS-2 looks like
a “chimera” of the precedent nanoporous materials above,
although it is synthesized simply through self-organization.

High-resolution TEM images of KCS-2 evidently support
the crystal structure model determined by PXRD analysis. 12-
ring straight channels viewed along the [001] direction are
arrayed according to hexagonal symmetry (Figure 2A).
Incidentally, the morphology of KCS-2 crystallite of a sub-

micron size is a hexagonal prism,[12] reflecting this hexagonal
symmetry. On the other hand, a grid pattern is observed
parallel to the a–c plane (Figure 2B). The vertical bright lines
are attributed to phenylene groups, and the distance between
adjacent lines is estimated at ca. 1.49 nm, which coincides with
the lattice constant c. The completely alternate stacking of
two layers is well observed in this actual specimen. Horizontal
stripe lines along the [001] direction are arrayed with an
interval of 1.17 nm, which almost corresponds to a × sin(p/3).
Figure 2C shows a calculated simulation TEM image along
the [100] direction by means of the multislice method. The
observed image around the edge of crystal in Figure 2B nicely
corresponds to that in the simulated image with the sample
thickness of 7 nm.

KCS-2 has straight 12-ring micropores perpendicularly
penetrating the stacking layers, which results in the formation
of two contrastive nanospaces in one channel. Figure 1C
illustrates the cylindrical 12-ring micropore in KCS-2. Within
this micropore, a lipophilic nanospace is formed by alumi-
nosilicate layers and phenylene groups facing the inside of the
pore wall. Due to the presence of this lipophilic nanospace,
KCS-2 shows high absorption capacity for n-hexane
(1.6 mmolg¢1) as shown in Figure 3A. The adsorption iso-
therm is typical type I, also indicating the strong affinity to
organic compounds. It is to be noted that KCS-2 shows far
lower adsorption capacity for a bulky 1,3,5-trimethylbenzene.
The type II isotherm without a steep step at P/P0 = 0 clearly
demonstrates its size-selective adsorption behavior. On the
other hand, Q2 silicon species bridges two aluminosilicate

Figure 1. Crystal structure model of KCS-2 determined by PXRD viewed
along A) [001] and B) [110] directions. Color balls indicate each
constituent element. C) shows the 12-ring straight channel composed
of the alternate stacking of hydrophilic layer and lipophilic layer.
D) shows two kinds of pillar. In the Q2 pillar part, ellipse-shaped small
pores whose size is equivalent to an 8-ring opening is formed as
indicated by the green arrow. A pair of phenylene pillars facing each
other forms another ellipsoidal pore opening.

Figure 2. HR-TEM images of KCS-2. A) 12-ring pore channels viewed
along the [001] direction and B) side viewed along the [100] direction.
C) is a simulated image corresponding to (B) obtained by the multi-
slice calculation at a thickness of 7 nm and a defocus length of 80 nm.
The lengths of 1.17 nm and 1.49 nm correspond with the a Ö sin(p/3)
and the lattice constant of the c-axis, respectively.
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layers to form another nanospace. A part of silanol groups
protrude in 12-ring straight channel, and the presence of these
silanol groups makes this interlayer nanospace hydrophilic.
N2 gas adsorption isotherm (Figure 3B) shows a specific
surface area of 237 m2 g¢1 and a micropore volume, V(N2), of
0.127 mLg¢1. It is notable that V(H2O)/V(N2), the ratio of
adsorbed water volume/micropore volume calculated based
on water (Figure 3C) and nitrogen adsorption, of KCS-2 is ca.
1.3 (V(H2O) = 0.155 mLg¢1), which is comparable with those
of typical hydrophilic aluminosilicate zeolites or IEZ ana-
logues.[16,18] This fact indicates the high hydrophilicity of KCS-
2. In PXRD structure analysis, three adsorbed H2O sites were
found in 12-ring straight channel, and a large part of the water
molecules are distributed in this hydrophilic layer. Also,
extraframework Na cations of the quantity equal to frame-
work Al atoms are found in this layer. In this way, two
nanospaces having contrasting surface affinities coexist in one
straight channel, and consequently KCS-2 exhibits quite
a rare amphiphilic surface property. The stacking of lipophilic
and hydrophilic layers reminds us of a lamellar phase of
surfactants or a lipid bilayer, and it should rather be compared
to a “nanoporous crystallized Langmuir–Blodgett film”.

It is also to be noted that bridging Q2 silicon species with
aluminosilicate layers is forming an 8-ring opening (0.34 ×
0.35 nm). Similarly, pillaring phenylene groups and alumino-
silicate layers form a small pore opening (0.31 × 0.45 nm;
Figure 1D). Owing to the presence of these openings,
complicated inner nanospaces are formed, and both of them
are connected with adjacent 12-ring straight channels. Con-
sequently, the micropore system of KCS-2 can be called quasi-

three-dimensional. The pore-size distri-
bution based on a nitrogen adsorption
measurement showed two kinds of
micropores of 0.86 nm and 1.2 nm (Fig-
ure 3D). Furthermore, a broad distri-
bution ranging from 2 to 4 nm was
observed in Figure 3D, implying the
presence of interparticle voids or the
formation of interlayer space attributed
to the cleavage of the hybrid layered
structure.

In addition to the adsorption inside
the micropores, the outer surface of
KCS-2 crystals showed a characteristic
adsorption behavior for an enzyme
molecule. The immobilization of
enzymes with an inorganic solid has
been studied for applications such as
drug delivery systems and enzyme cat-
alysts.[19] So far, mesoporous silica with
large pore sizes were tested and found
to be a suitable support.[20, 21] When
KCS-2 was used as a support for
lysozyme, the adsorbed amount at
a low equilibrium concentration was
larger than that of SBA-15[22] and nearly
equal to that of FSM-16[23] (Figure 4A).
Because the molecular size of lysozyme
(3.0 × 3.0 × 4.5 nm)[24] is much larger

than the micropore opening of KCS-2, lysozyme molecules
would be adsorbed on the outer surface of the KCS-2 crystal
as illustrated in Figure 4 B. Given that a primary particle of
KCS-2 has a diameter of 300 nm and a thickness of 100 nm, it
is presumed that the lysozyme molecules densely adhere on
the outer surface with the coverage factor of 25–35%
(depending on the packing orientation of the molecules) in
a closest packing arrangement. This high adsorption capacity
would be due to the high hydrophilicity of KCS-2. Even after
washing three times with 20 mm Tris-HCl buffer solution
(pH 7.5), the immobilized lysozyme did not desorb from
KCS-2, indicating a strong affinity between lysozyme and
KCS-2.

The solid-state magic-angle nuclear magnetic resonance
measurements for 27Al and 29Si nuclei demonstrated the
presence of tetrahedral AlO4, T3, and Q2 local environments.
The T3/Q2 and Si/Al ratios were estimated at 2.0 and 1.5,
respectively. These values coincide with those calculated from
the structural model above. The empirical Na/Al ratio based
on EDX was 1.3, which was larger than the ideal value (1.0)
presumably due to the presence of excess Na cation deposited
on the crystal surface. A high-temperature PXRD measure-
ment demonstrated that the structure of KCS-2 was stable up
to 503 K and desorption of water corresponding to 18.8 wt%
was observed until this temperature in a thermogravimetric
(TG) measurement. Subsequently a weight loss of 12.7 wt%
was observed due to the elimination or combustion of
phenylene groups at 503–940 K. Probably, the desorption of
water and phenylene groups would occur simultaneously at
around 500 K. At higher temperature of > 940 K, a slight

Figure 3. Various gas adsorption isotherms; A) n-hexane and 1,3,5-trimethylbenzene at 298 K,
B) water vapor at 298 K, C) nitrogen at 77 K, and D) pore size distribution determined by the
NLDFT calculation using nitrogen adsorption isotherm.
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weight loss of ca. 1.8 wt % was observed, which is due to
dehydration–condensation of silanols in Q2 pillars. From the
results above, the chemical composition of KCS-2 is consid-
ered to be jNa12(H2O)x j [Si18Al12O48(OH)12(C6H4)6], in which
x is estimated at 18 for a mildly dehydrated sample and at 32
for a hydrated sample.

Owing to the presence of phenylene pillars, two notable
absorption bands were observed at 250–285 nm and 210–
235 nm for KCS-2 like ECS-14 by means of diffuse reflectance
spectrometry (see SI). The former band was accompanied by
three or four fine structures in it. These two bands can be
assigned as follows; the lowest photoexcited state of the band
at 250–285 nm is based on a p–p* electronic transition of
a benzene molecule of the 1Lb mode in Platt’s notation,[25] and
the band at 210–235 nm is based on a p–p* electronic
transition of a benzene molecule of the 1La mode that has
a larger transition dipole moment compared to that of the 1Lb

mode. The fine structures of the p–p* electronic transition of
the 1Lb mode are due to this transition interacting with
quantized stretching vibrations of C¢H bonding in a benzene
ring. The luminescence spectrum excited at 270 nm exhibited
a peak at 296 nm, which is higher than those in ECS-14. The
peak wavelength of this luminescence was insensitive to the
excitation wavelength (see SI). As well as lots of aromatic
molecules, the peak of luminescence from KCS-2 appears at
longer wavelength than that of absorption, which is usually
called the Stokes shift,[26] and the luminescence spectrum has
an asymmetric profile with a long tail toward long wavelength
direction. Fine structures originating from the interaction
between a transition of p*–p and the C¢H stretching
vibrations should have appeared also on the luminescence
spectrum of KCS-2 as well as BTEB in solution (see SI).
However, we were able to find no fine structures even if the
spectral resolution was narrowed at 1 nm. This indicates that
the relaxation from the electronically excited state of
aromatic groups in KCS-2 follows a pathway different from
that of typical aromatic molecules, for example, anthracene.

Keywords: amphiphiles · Langmuir–Blodgett films ·
microporous materials · organic–inorganic hybrid composites ·
zeolite analogues
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