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Formation of Novel Ordered Mesoporous
Silicas with Square Channels and Their Direct
Observation by Transmission Electron
Microscopy**

Tatsuo Kimura, Takayuki Kamata, Minekazu Fuziwara,
Yuri Takano, Mizue Kaneda, Yasuhiro Sakamoto,
Osamu Terasaki, Yoshiyuki Sugahara, and

Kazuyuki Kuroda*

Since the discovery of an ordered mesoporous silica,!!! the
preparation of various mesoporous silicas by using surfactant
assemblies has been developed.>*] These mesoporous silicas
have proved to be highly applicable as catalysts, catalyst
supports, and adsorbents for relatively large molecules,?
which has stimulated a number of studies including both
morphological controll®7 and compositional variations.?* & °
However, all the structures reported so far have been
governed by the geometrical packing of surfactantst %
because the formation of the mesostructured precursors relies
on the cooperative organization of inorganic species and
surfactants.''l Herein, we report on the formation of novel
mesoporous silicas (denoted as KSW-2) with rectangular
arrangements of square or lozenge one-dimensional (1D)
channels by mild acid treatment of a layered alkyltrimethyl-
ammonium (C,TMA)-kanemite complex. Mesostructured
precursors of KSW-2 formed through the bending of individ-
ual silicate sheets of kanemite. The square or lozenge shape of
the relatively ordered pores has not previously been found
among the reported mesoporous and mesostructured inor-
ganic oxides.

Kanemite (NaHSi,Os5-3H,0), a mineral, is made up of
layered polysilicates composed of SiO, tetrahedral units,?!
and the crystal structure was recently determined by Gies
et al.l®l Kanemite is a layered silicate composed of single
sheets such as 0-Na,Si,Os5 and KHSi,Os; the sheets are
constructed by connecting 6-rings of SiO, tetrahedra wrinkled
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regularly with interlayer hydrated Na* ions.'> ¥ Following
the report on the synthesis and reactivity of kanemite by
Beneke and Lagaly,['"! Yanagisawa et al. discovered a meso-
porous silica (named as KSW-1 hereafter) by the reaction of
kanemite and C,TMA surfactants.!!]

A mesostructured precursor of KSW-2 was obtained from a
layered C;;,TMA —kanemite complex by adjusting the pH
value below 6.0. The preparation of the layered complex
without altering the structure of the silicate framework is the
most important step in obtaining the mesostructured precur-
sor. Therefore, the synthesis procedure for KSW-2 is quite
different from those reported for KSW-1 and FSM-16 derived
from kanemite. 161

A typical transmission electron microscopy (TEM) image
and the corresponding electron diffraction (ED) pattern of
the calcined KSW-2 obtained under the adjusted pH value of
4.0 are shown in Figure 1a. The TEM image of the calcined

a)

| ——
40 nm

Figure 1. a) Typical TEM of calcined KSW-2 (pH 4.0) and the correspond-
ing ED pattern indexed as hk0 projection. These were obtained by a JEM-
3010 transmission electron microscope operated at 300 kV. b) Typical TEM
and the corresponding ED pattern of as-synthesized KSW-2 (pH 6.0).
c) Another TEM of the as-synthesized KSW-2 (pH 6.0). Arrows imply the
observed place of the bending of silicate sheets derived from kanemite.

KSW-2 exhibits relatively ordered square arrangements that
display a periodic distance of adjacent pores of about 3.3 nm.
Striped patterns with the same periodic distance were also
observed, strongly supporting the presence of one-dimen-
sional (1D) mesopores. The ED pattern showed the angle of
diagonal lines connecting the [110] spots was close to 90°.
On the basis of the TEM results, all the powder X-ray
diffraction (XRD) peaks of the as-synthesized and calcined
KSW-2 are assigned to an orthorhombic structure (C2mm)

3856 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

(as-synthesized: a=5.34 nm, b=5.05nm, c=00; calcined:
a=4.84nm, b=4.26 nm, ¢ =00 ; Figure 2).[*] After calcina-
tion, the d;;, value changed from 3.67 nm to 3.26 nm, which is
in agreement with the periodic distance of adjacent pores
observed by TEM (ca. 3.3nm). On the basis of the N,
adsorption isotherm of the calcined KSW-2, the BET surface
area, the pore volume, and the average pore diameter were
determined to be 1100 m?g~!, 0.46 cm®g~!, and 2.1 nm,

respectively.l'”
L
1
] 1
30

20
26/° (Cuk,) —

;%
b)

(110)

(110)
(200)

207° (Fek,) —»

Figure 2. Powder XRD patterns of KSW-2 materials prepared at pH 4.0
a) before and b) after calcination. These were recorded by a Mac Science
MO3XHF? diffractometer with monochromated Fey, radiation. a’), b’)
XRD patterns in higher 26 regions were obtained by a Mac Science MXP?
diffractometer with monochromated Cuy, radiation.

The mesopores are surrounded by relatively flat silicate
walls (Figure 1a). Typical scanning electron micrographs
showed that all the products have not morphologically
changed; all the images are similar to that of kanemite (see
Supporting Information, Figure A). This indicates that kane-
mite did not dissolve during the syntheses of both the layered
CsTMA —kanemite complex and the as-synthesized KSW-2,
because the reactions were conducted at relatively low pH
values at which silica does not dissolve.['?

Square-shaped mesopores have not been found among the
reported ordered mesoporous materials!'': 191 because those
mesostructures were constructed by using supramolecular
assemblies and were thus governed by their geometries.* 1°
Although the transformation of lamellar mesophase silicates
has been conducted by hydrothermal post treatment!'$! or acid
treatment,!'”] these types of transformation occur through the
rearrangement of silicate frameworks and lead to the
formation of hexagonal and cubic mesophase silicates, in
which the silicate walls are formed along the curved surface of
organic assemblies such as rodlike micelles. Even for KSW-1
and FSM-16, which were prepared by the direct reactions of

[*] We observed that the structural units of kanemite are partly retained, as
discussed later, and therefore chose a 3D representation rather than a
2D one.
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kanemite and C,TMA surfactants,[ ! the resulting meso-
structure is hexagonal or less ordered.

The samples were prepared at various adjusted pH values
above 4.0 in order to investigate the formation mechanism of
the as-synthesized KSW-2. The ¥Si MAS NMR spectra of
kanemite, the layered C(\TMA —kanemite complex, and the
acid-treated products are shown in Figure 3. The spectrum of
kanemite exhibited only one peak at = — 97, indicating that

Vi
/ )

\/

WWW
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|
|
o \WM

T T
-50 -100
+— 4
Figure 3. Si MAS NMR spectra of a) kanemite, b) layered C;;\TMA -
kanemite complex, and c)—e) the products treated with acetic acid to give
pH values of 8 (c), 6 (d), and 4 (e). These were obtained by a JEOL GSX-
400 spectrometer with a spinning rate of 5 kHz and a resonance frequency
of 79.30 MHz with a 45° pulse length of 4.1 ps and a recycle time of 60 s. The
chemical shifts were expressed with respect to tetramethylsilane.
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kanemite is composed of single-layered silicate sheets (Fig-
ure 3a).[3 14 In the spectrum of the layered C;(TMA —kane-
mite complex several peaks due to different Q3 environments
((Si0);8i0) were mainly observed in the range from 6 = —95
to — 105,12l whereas a broad peak centered at 6 = — 110 due to
a Q* environment ((SiO);SiOSi) was detected as a minor
component (Figure 3b). This result reveals that the single
silicate sheet structure in kanemite was essentially retained
during the synthesis of the layered C,\TMA -kanemite
complex. At a pH value of 8.0, the spectrum of the product
hardly changed and the peak intensity at d = — 110 increased
slightly (Figure 3¢). In contrast, the profiles of the acid-
treated products obtained at pH values below 6.0 varied
dramatically (Figure 3d, €); both the Q3 and Q* peaks
centered at 0 = — 101 and — 110, respectively, were observed,
which is in accordance with the structural change from the
layered C(TMA —kanemite complex to the as-synthesized
KSW-2.

The as-synthesized product was thoroughly investigated by
high-resolution TEM (HRTEM) at the point at which the

Angew. Chem. Int. Ed. 2000, 39, No. 21
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structural change occurs (pH 6.0). As well as the TEM images
observed for calcined KSW-2 (pH 4.0), similar images were
observed and the periodic distance between adjacent pores
was about 4.0 nm (Figure 1b); the angle of diagonal lines
connecting the [110] spots was variable, ranging from nearly
90° to about 70° in the ED patterns. It was not possible to
superimpose the striped patterns because the angle of the
diagonal lines falls in a limited range (70-90°) and the images
were observed at thin parts of the sample.

The bending of individual silicate sheets, which are not fully
linked between adjacent layers, was partly observed (see
Figure 1c). This observation is reproducible; the bending was
directly observed by HRTEM for KSW-2 synthesized in
another batch (see Supporting Information, Figure B). In
addition, the range of pH values during the acid treatment did
not lead to dissolution of silicate species, but led to their
condensation.!’l The observed wall thicknesses of the prod-
ucts during the acid treatment were almost constant (0.6—
0.7 nm), and were consistent with the thickness of the silicate
sheet in kanemite.l'> 'l These findings strongly suggest that
as-synthesized KSW-2 can be obtained from the layered
C;s,TMA —kanemite by bending the individual silicate sheets.
Even in the TEM image of calcined KSW-2 (pH 4.0), bent
silicate sheets were observed to a certain extent (Figure 1a).

The variations in C,H,N analysis (C,,TMA/Si ratio) and >Si
MAS NMR spectra (Q¥(Q*+ Q*) ratio) of the products
during the acid treatment are shown in Figure 4. On the basis
of this data, the transformation steps of the layered complex
into as-synthesized KSW-2 are schematically shown in Fig-
ure 5 and can be categorized as follows. 1) The Q¥(Q*+ Q%)
ratio increases in the range of pH 9.6-7.0, and C;(TMA/Si
ratio decreases slightly. This observation suggests that the
beginning of the structural change is manifested by the
formation of Q* silicate species. The formation of Q* species

08 -1 0.256

-40.20

. B

C,.,TMA/SI
4 3, 4
Q*(Q*+Q% 1o10
-

0.2
- 0.05
0.0 1 1 1 1 1 i 0.00

10.0 9.0 8.0 7.0 6.0 5.0 40 3.0
< PH

Figure 4. Variation in the amounts of C,;,TMA ions and the Q¥(Q*+ Q%)
ratios during acid treatment. The organic contents for calculation of
C,TMA/Si ratios of the acid-treated products were obtained with a Perkin
Elmer PE-240011.
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Figure 5. Schematic model for the formation of as-synthesized KSW-2
from a layered C;,TMA - kanemite complex. Oxygen atoms are denoted by
open circles; those involved in the structural change are filled. On the basis
of the schematic structure of kanemite, adjacent Si—OH groups are in very
close proximity. Although the reaction steps are distinguished for
convenience, these steps progress cooperatively.

occurs at the intralayers, since the structural change at pH 8.0
was hardly visible by XRD (see Supporting Information,
Figure C). 2) In the range of pH 7.0-6.0, the transformation
of the layered complex into as-synthesized KSW-2 is caused
by partial removal of C,;,TMA ions. The Q*(Q?+ Q%) ratio
increases further, indicating the condensation between adja-
cent layers as well as progressive intralayer condensation.
3) In the structural change at pH values below 6.0, additional
condensation among @ silicate species occurs between the
adjacent layers. KSW-2 with a square 1D arrangement is
thought to be formed through these processes (Figure 5).

The layered silicate network originating from the structure
of kanemite connects two-dimensionally and is not destroyed
under the conditions used. Thus, the bending of individual
silicate sheets may be attributed to the limited structural
changes that result from partial intralayer condensation and
the accompanying structural change in C;;TMA assemblies
during the gradual leaching. The crystal structure of kane-
mite,'> 14 reveals the intralayer condensation of Si—OH
groups is possible only in the limiting direction. Indeed, the
angles between the silicate sheets (after bending) and the
edge of kanemite particles, observed by TEM, were often
been around 45° (Figure 1a; see also Supporting Information,
Figure B).

The XRD patterns of the as-synthesized and the calcined
products (pH 6.0) are shown in Figure 6. As in the case with
the products obtained at pH 4.0, all the peaks at low 26 angles
are assigned to an orthorhombic structure (as-synthesized:
a=6.34nm, b=5.58 nm, c=c0; calcined: a=5.16 nm, b=

3858 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000
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Figure 6. Powder XRD patterns of a layered C;,\TMA —kanemite complex
(a) and KSW-2 materials prepared at pH 6.0 before (b) and after
calcination (c). These patterns including a’)—c’) were recorded by the
same procedure as in Figure 2. For the layered C;{TMA —kanemite
complex, the broad peak centered at 20 =21.1° seems to be overlapped
by several peaks.

4.92 nm, ¢ =o0). Interestingly, the XRD profiles in the range
15° to 30° are somewhat different from those observed for the
mesoporous materials reported up to date.l'1% 1618 VI Though
halo XRD peaks were observed for the KSW-2 materials
obtained at pH 4.0 (see Figures 2a’ and b’), the XRD patterns
of the KSW-2 materials prepared at pH 6.0 showed somewhat
unusual peaks in the range 15° to 30°. The XRD pattern of the
layered C,(\TMA —kanemite complex (Figure 6a’) at higher
angles showed a broad peak centered at 20 =21.1° and a sharp
one at 24.3°, suggesting that the structural units of kanemite
are at least partly retained in the layered C;TMA —kanemite
complex. Even in as-synthesized KSW-2, these peaks re-
mained with some broadening (Figure 6b). Although further
broadening of such peaks was observed after calcination at
550°C for 6 h, the profile in the range of 15° to 30° was
somewhat different from those observed for the mesoporous
materials reported so far.['-!.16. 18, 11 Further characterization
of the structural features is currently in progress. On the basis
of the N, adsorption isotherm, the BET surface area, the pore
volume, and the average pore diameter of the calcined
product were determined to be 1192 m?g~1, 0.56 cm®g~!, and
2.8 nm, respectively. The material has a high hydrocarbon
sorption capacity on the basis of an adsorbed amount of
benzene (0.74 gg~! at P/P,=0.65).

We utilized a layered C;;,TMA —kanemite complex as the
starting material, in which the basic structural framework was
retained at least partly after the formation of the layered
complex. The formation mechanism of KSW-2 proposed here
is based on the bending of intralayer-condensed silicate sheets
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of kanemite. The resulting square pore system has not been
observed among reported mesoporous materials!!-!h 1618 19]
and is not defined by the geometrical packing of surfactant
molecules.™ "1 Although the frameworks are not fully re-
tained after calcination, this approach provides a way to
incorporate inorganic structural units into mesostructured
materials, which will lead to the development of novel
mesoporous materials with crystalline inorganic frameworks.

Experimental Section

A layered C;(,TMA —kanemite complex was prepared by mixing a layered
polysilicate kanemite (NaHSi,O5-3H,0 (1.05 g) derived from 0-Na,Si,0O5
(1.00g)) and a 0.1lm C;(TMACI aqueous solution (200 mL) at room
temperature; the C;,TMA/Si ratio was 2. The resulting C;(TMA —kanemite
complex is a layered material, which was confirmed by the powder XRD
pattern of the product (Figure 6a). The peak at a d spacing of 2.9 nm and
the higher ordered diffraction peaks were observed, and the spacings
increased when n-decyl alcohol was further intercalated into the product.
The resulting layered complex (1.01 g) was dispersed in distilled water
(150 mL; pH ca. 9.6). The pH value of this suspension was decreased by the
addition of acetic acid (1m); the addition procedure was conducted slowly
over 30 min. The as-synthesized KSW-2 powders were air-dried and
calcined at 550°C with a heating rate of 10 K min~! in ambient air for 6 h to
remove organic fractions. Although the acid species are not significant for
the synthesis of KSW-2, the concentration of acids must be carefully
chosen, depending on the acid species used. The amount of distilled water
and the adjusted pH value are also important because the solubility of
C,TMA ions is one of the key conditions for the formation of KSW-2.
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Second-Order Nonlinear Optical Properties of
Functionalized Ionophores: Cation-Steered
Modulation of the First Hyperpolarizability**

Stephan Houbrechts,* Yuji Kubo, Tomokazu Tozawa,
Sumio Tokita, Tatsuo Wada,* and Hiroyuki Sasabe

Functionalized ionophores are of major interest for their
ability to complex various ionic species. As complex forma-
tion generally induces severe changes in their photophysical
properties, they are widely used as a tool for ion recognition.
Accordingly, the influence of cation binding on the intra-
molecular charge-transfer (ICT) transition has been studied
intensively, mostly on donor—acceptor substituted aromatic
chromoionophores.'] Among them, two classes of iono-
phores can be distinguished (Scheme 1): type A chromo-
phores that interact with the ion through the acceptor site of
the chromophore, which enhances the ICT and induces a
bathochromic shift of the charge transfer band; and type B
chromophores that interact via the donor site and reduce the
ICT (hypsochromic shift).
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