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Abstract: Mesoporous silica with squared one-dimensional channels (KSW-2-type mesoporous silica),
possessing a molecularly ordered framework arising from a starting layered polysilicate kanemite, was
obtained through silylation of a surfactant (hexadecyltrimethylammonium, C,6TMA)-containing mesostruc-
tured precursor with octoxytrichlorosilane (CgH17OSiCls) and octylmethyldichlorosilane (CsH17(CH3)SICly).
The presence of the molecular ordering in the silicate framework was confirmed by XRD and TEM. Octoxy
groups grafted on KSW-2 can be eliminated by subsequent hydrolysis under very mild condition, and pure
mesoporous silica was obtained with the retention of the kanemite-based framework. The framework is
structurally stabilized by the attachment of additional SiO, units to the framework, and the mesostructural
ordering hardly changed under the presence of water vapor. A large number of silanol groups remained at
the mesopore surfaces because CisTMA ions and octoxy groups can be removed without calcination.
Octylmethylsilyl groups are regularly arranged at the mesopore surface due to the molecular ordering in
the silicate framework. The molecularly ordered structural periodicity originating from kanemite is retained
even after calcination at 550 °C, while that in the precursor without silylation disappeared. The synthetic
strategy is quite useful for the design of the silicate framework of mesostructured and mesoporous materials
with and without surface functional organic groups.

1.Introduction medical device8§:1® Compositional variation of ordered me-

Surfactant templated mesoporous silicas have unique struc-SCPOrous materials is one of the most important topics in this
tural features such as a surface area higher than 16ag#  field to expand their possible applicatioffs? Though there
large adsorption capacity above 1 tgrl, tunable uniform are a huge number of papers on mesoporous silicas, it is very
mesopores up to-30 nm, and regular pore arrangements, difficult to crystallize the framework of silica-based mesoporous

which have attracted much attention for their possible uses in Materials and the realization of crystalline frameworks has
catalysts, sensors, adsorbents, and electronic, optical, andenerated a demand for possible applications including high-
performance catalysts and nanoscale materials for molecular
T National Institute of Advanced Industrial Science and Technology recognition.
(AIST).
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Several attempts have been made to prepare crystalline silica-
based mesoporous materials during the past decade. Following
to the attempts using oligomeric silicate and aluminosilicate
species like cubic octame?$2” protozeolitic species were
utilized as controlled building uni#$-34 Building unit structures
partially remain in the mesoporous aluminosilicates, but long-
range orderings in the frameworks are not confirmed by any
experimental data. A mesoporous zeolite can be prepared by
tiling uniform nanosized zeolitic species in the presence of
surfactant molecule®. The mesoporous zeolite includes three
types of pores that are surfactant templated mesopores, inter-
crystalline uniform mesospaces, and micropores inside the
zeolitic species. Crystallization of aluminosilicate frameworks
was attempted by post-hydrothermal treatn®m? leading to
the structural collapse through complete crystallization of the
frameworks. Molecularly ordered frameworks were reported Figure 1. ldeal s_tructural model of KSW-2-based mesoporous siIica_ \_/vith
only for the lamellar mesostructures prepared under hydrother- Eg;ee\r?fiitlzlas. reflecting completely the crystal structure of a layered polysilicate
mal conditions'!

Recently, a 2-D hexagonal mesoporous MFI zeolite was crystallized frameworks has not been developed yet and has
prepared inside replicated mesoporous cafBdtowever, the been expected for further advancement of highly architectural
walls should contain a large number of defects because frameworks.
connecting points of the walls from three directions inthe 2-D  We have focused on a crucially different synthetic method
hexagonal structure cannot be filled completely by only the five- to synthesize ordered mesoporous silicas utilizing crystalline
membered ring of the MFI structure, meaning that the frame- layered polysilicates as starting materi&i346-52 Our ultimate
work is possibly composed of semicrystalline zeolitic nanopar- goal in the layered polysilicate systems is to provide periodic
ticles. Actually, trimodal porous silica containing two types of mesoporous silicas completely reflecting the crystal structures
ordered mesopores was obtained by the reaction of uniform MFI of layered polysilicates, and an ideal possible structure is
nanoclusters with triblock copolymetsSeveral types of zeolitic  schematically shown in Figure 1. Ordered mesopores are
aluminosilicate®44and aluminophosphafawere successfully  surrounded by the original silicate sheets of layered polysilicates,
synthesized on the basis of the amphiphilic organosilane-directedand surfactant assemblies can be accommodated in the squared
synthesis with the formation of uniform mesopores. The mesopores (not shown for clarify) with the lowest surface
mesoporous zeolites showed outstanding catalytic propertiescurvature similar to those in lamellar phases. Almost all silicate
arising from the crystalline frameworks and the presence of portions in the structure except for bending sites in the individual
mesopore4® Wormhole mesopores are present inside the zeolite sheets and connecting sites between adjacent sheets are not
particles because highly ordered mesostructures cannot becurved, reflecting the periodic structure of the original silicate
realized because amphiphilic organosilane compounds are nosheets.
highly self-assembled. Consequently, a practical strategy to Layered polysilicates with crystalline single silicate sheets
synthesize mesoporous silica with both ordered mesopores anctan be transformed into 3-D silica networks containing uniform
mesopores (KSW-1, KSW-2, FSM-16, SSW-1, and SSW-2)
(26) Fyfe, C. A.; Fu, GJ. Am. Chem. S0d.995 117, 9709. by the reactions with alkyltrimethylammonium (OVIA)

@7) Eé’_’ Eﬁbf{geéfé f';l fgg_""ieger' W.; Kototailo, G. Angew. Chem., Int. - g, factantd-346-52 KSW-1 and FSM-16 derived from a layered

(28) Liu, Y. Zhang, W.; Pinnavaia, T. J. Am. Chem. So@00Q 122 8791. polysilicate kanemite show higher thermal and hydrothermal
(29) Liu, v Zhang, W.; Pinnavaia, T. Angew. Chem., Int. Ec2001, 40 stabilities and acidity than those reported for MCM-type

(30) ghaznr']g, Z E;_I}an, \E(s.;éi_a\t/)\} F. S.\;(Qiu,_ 2 L.:lehg,_l.z.:hWarlljg,\?._ WQ mesoporous silicas. However, the presence of the structural units
R o gy @ Sun. H. P zhao, DY WeL Y- g6 1o the original kanemite has never been confirmed so far.

(31) Zhang, Z. T.; Han, Y.; Zhu, L.; Wang, R. W.; Yu, Y.; Qiu, S. L.; Zhao, D.  We have also found an interesting character of ordered meso-

Y.; Xiao, F. S.Angew. Chem., Int. E®001, 40, 1258. - . R
(32) On, D. T.; Kaliaguine, SAngew. Chem., Int. E®001, 40, 3248. porous silica named as KSW-2 with a 2-D orthorhombic

(33) On, D. T,; Kaliaguine, SAngew. Chem., Int. E®002 41, 1036. structure?! The shape of the 1-D squared mesopores seems to
(34) Liu, Y.; Pinnavaia, T. JJ. Am. Chem. So2003 125, 2376. . .
(35) Kremer, S. P. B.; Kirschhock, C. E. A.; Aerts, A.; Villani, K.; Martens, J. D€ very close to that assumed as the ideal crystalline structure

A.; Lebedev, O. |.; Tendeloo, G. \Adv. Mater. 2003 15, 1705. i ihili i ili
(36) Mokaya, R.. Jones, Wehem, Commuri997 2185, (Figure 1). The possibility to retain a molecularly ordered silicate

(37) Kloetstra, K. R.; van Bekkum, H.; Jansen, J.Ghem. Communl997,

2281. (46) Kimura, T.; Itoh, D.; Okazaki, N.; Kaneda, M.; Sakamoto, Y.; Terasaki,
(38) Kiloetstra, K. R.; Zandbergen, H. W.; Jansen, J. C.; van Bekkum, H. O.; Sugahara, Y.; Kuroda, KLangmuir200Q 16, 7624.
Microporous Mater.1996 6, 287. (47) Kimura, T.; Kamata, T.; Fuziwara, M.; Takano, Y.; Kaneda, M.; Sakamoto,
(39) Karlsson, A.; Stocker, M.; Schmidt, Rlicroporous Mesoporous Mater. Y.; Terasaki, O.; Sugahara, Y.; Kuroda, Kngew. Chem., Int. EQ00Q
1999 27, 181. 39, 3855.
(40) Huang, L.; Guo, W.; Deng, P.; Xue, Z.; Li, Q. Phys. Chem. R00Q (48) Kimura, T.; Itoh, D.; Shigeno, T.; Kuroda, Kangmuir2002 18, 9574.
104, 2817. (49) Kimura, T.; Itoh, D.; Shigeno, T.; Kuroda, Bull. Chem. Soc. Jpr2004
(41) Christiansen, S. C.; Zhao, D.; Janicke, M. T.; Landry, C. C.; Stucky, G. 77, 585.
D.; Chmelka, B. FJ. Am. Chem. So001, 123 4519. (50) Kato, M.; Shigeno, T.; Kimura, T.; Kuroda, KChem. Mater2004 16,
(42) Fang, Y.; Hu, HJ. Am. Chem. So2006 128 10636. 3224,
(43) Choi, M.; Cho, H. S.; Srivastava, R.; Vankatesan, C.; Choi, D.-H.; Ryoo, (51) Kato, M.; Shigeno, T.; Kimura, T.; Kuroda, KChem. Mater2005 17,
R. Nat. Mater.2006 5, 718. 6416.
(44) srivastava, R.; Choi, M.; Ryoo, Rhem. Commur2006 4489. (52) Tamura, H.; Mochizuki, D.; Kimura, T.; Kuroda, IChem. Lett2007, 36,

(45) Choi, M.; Srivastava, R.; Ryoo, Rhem. Commur2006 4380. 444,
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structure originating from kanemite was also found in the 2-D for pure silica mesoporous materiéls® A methodology to
orthorhombic mesostructured precursor (as-synthesized KSW-design silica-based frameworks of layered materials was reported
2) because it can be obtained through the bending of individual by accumulating new silicate units on the original framewrks
silicate sheets in layered;§TMA —kanemite complex during  and the topotactic conversion of layered silicates to zeolitic
mild acid treatment. Although the molecularly ordered structure microporous silicag* However, such attempts have never been
almost disappears in calcined KSW-2, we have now reachedconducted in the field of mesoporous materials. Here we present
the final step to prepare ordered mesoporous silica with a for the first time a new type of mesoporous silica with pore
crystalline framework by combining several synthetic tech- walls composed of a nonmicroporous silicate framework, which
nigues. is quite different from zeolitic mesoporous materials. The
In the present paper, we report the successful synthesis ofstructural feature is chemically and physically interesting for
KSW-2-type material with a molecularly ordered silicate the investigation of the properties exclusively due to ordered
framework, and the squared mesopores are basically surroundednesopores.
by a kanemite-based and chemically designed framework by ) )
silylation of as-synthesized KSW-2. The structural units of 2. Experimental Section
kanemite are basically retained in the silicate framework of as- 2.1. Materials. All the solvents such as dehydrated toluene,
synthesized KSW-2; the molecular ordering is based on the dehydrated pyridine, and tetrahydrofuran (THF) were obtained from
periodic structure along with tha-axis of kanemite and is  Kanto Chemical Co. and used without further purification. Octyl
parallel to the direction of the 1-D mesopores. In comparison alcohol, tetrachlorosilane, hexadecyltrimethylammonium chloride (C
with conventional postorganic modification, such as esterifica- TMACI), and octylmethyldichlorosilane ¢:(CHs)SICl,) were pur-
tion®354 and silylations5-58 to control surface properties and chased from Tokyo Kasei Kogyo Co.
pore sizes, the modification with silylating agents is absolutely = Octoxytrichlorosilane (€H1/0SiCk) was prepared according to the
useful for controlling a couple of reactions simultaneously, terature for the synthesis of alkoxytrichlorosilariés. CaH:,OH was
. . . : ' _added dropwise to hexane containing $i€@ider vigorous stirring under
including the removal of surfactants and the designed capping

f the sili f k which effectively ind h bil flowing N2 where the SiGICgH,;0OH molar ratio was 1.0. A mixture
of the silicate framework which effectively induces the stabiliza- (CgH170)nSiCls—n (n = 0—4) obtained after the stirring was kept for

Fion of the framework. However, the periodic Structura'l uni'ts 1 h at room temperature g8,70SiCk was recovered through distillation
in as-synthesized KSW-2 cannot be retained after silylation (0.1 Torr, bp;~70 °C), and the purity was checked B§Si and3C

using alkyldimethylchlorosilan®, because such a monofunc- NMR (Supporting Information Figure S1).
tional silylating agent requires the reaction at elevated temper- A layered polysilicate kanemite was prepared frénNa;Si,Os
ature and no additional ring formation to strengthen the according to the literatur€$:4° In a typical synthesis of-NaSi,Os,
framework is expected. Our preliminary work infers that the a sodium silicate solution was diluted by adding a sodium hydroxide
molecular structure of silylating agents can lead to the appropri- solution under stirring, and the molar ratio of Na/Si was adjusted to
ate design of the framewofR Here we propose a novel concept  1-0- The aqueous solution was dried and heated at"zsteating
to design and stabilize the periodic structure by using silylating ;a(t)te. L5 Sdmlt'rlll Lfortl h. Tget_sohg fproggct _(1-0t 9) Wa? dlsperied I?
agents with two or more reactive sites, such as alkoxytrichlo- Mt ot distiled water and strred for 54 min at room femperature 1o
i d alkvimethvidichl i ffordi P Iobtaln kanemite. The purity of kanemite was checked by XRD
rost ane; and alkymetnyldichiorosi anelsl, a O_r Ing successiu (Supporting Information Figure S2 and Table S1).
synthesis of KSW-2-type mesoporous silica with a molecularly

. o 2.2. Synthesis of 2-D Orthorhombic Mesostructured Silica.
ordered framework. The well-defined silicate frameworks at the According to the literaturé’ 2-D orthorhombic €2mm) mesostructured

surfaces of ordered mesopores are promising for fundamentalsjjica (as-synthesized KSW-2) was synthesized from kanemite using
investigation of the catalytic and adsorption properties truly c,,TMACI through mild acid treatment of a layereddTMA —kanemite
arising from the presence of ordered mesopores. Previouslycomplex. Kanemite without drying was dispersed in 200 mL of 0.1 M
reported mesoporous silicas inevitably have several uncontrol- C1sTMACI aqueous solution where the {fMACI/Si molar ratio was
lable factors including mesopore surface roughness and un-2.0. The reaction of kanemite with:(FMACI proceeded at room

avoidable micropores, which inhibit the valid understanding of temperature fo3 d to obtain a layered complex without impurities
mesoporous materials. such as unreacted kanemite. The layered complex was recovered by

There have been no reports on the successful preparation O]pentrifugation and dispersion in 150 mL of distilled water. A mild acid

i ith tall f K f treatment was conducted at pH 5.5 for 30 min by adding 1.0 M
pure mesoporous silica with crystalline frameworks So 1ar oy cooH gradually. The powder X-ray diffraction (XRD) and

though many attempts to prepare semicrystallized mesoporous
aluminosilicates have been conducted as mentioned abd0é*> (61) Yoshida, H.; Kimura, K.; Inaki, Y.; Hattori, TThem. Commuri997, 129.

The preparation of porous materials with pure silica frameworks (62) ;%%Ig,z\(-égg;hida, H.; Kimura, K.; Hattori, TPhys. Chem. Chem. Phys.

is important for enhancing the thermal stability and hydropho- (g3) inaki, v.; Yoshida, H.; Hattori, TJ. Phys. Chem. B00Q 104, 10304.

bicity. Interesting catalytic properties have also been reported (64) i%%kié agéYOShid& H.; Yoshida, T.; Hattori, T. Phys. Chem. 2002

(65) Itoh, A.; Kodama, T.; Inagaki, S.; Masaki, ©rg. Lett.200Q 2, 331.
(53) Ishikawa, T.; Matsuda, M.; Yasukawa, A.; Kandori, K.; Inagaki, S.; (66) Itoh, A.; Kodama, T.; Inagaki, S.; Masaki, Qrg. Lett.200Q 2, 2455.
Fukushima, Y.; Kondo, Sl. Chem. Soc., Faraday Trank996 92, 1985. (67) Itoh, A.; Kodama, T.; Inagaki, S.; Masaki, €hem. Lett200Q 542.
(54) Kimura, T.; Kuroda, K.; Sugahara, Y.; Kuroda, K.Porous Mater1998 (68) Itoh, A.; Kodama, T.; Inagaki, S.; Masaki, Qrg. Lett.2001, 3, 2653.
, . (69) Yoshida, H.; Murata, C.; Inaki, Y.; Hattori, Them. Lett1998 1121.
(55) Yanagisawa, T.; Shimizu, T.; Kuroda, K.; Kato, Bull. Chem. Soc. Jpn. (70) Mochizuki, D.; Shimojima, A.; Kuroda, KI. Am. Chem. So2002 124,
199Q 63, 1535. 12082.
(56) Kimura, T.; Saeki, S.; Sugahara, Y.; Kurodalangmuir1999 15, 2794. (71) Mochizuki, D.; Shimojima, A.; Imagawa, T.; Kuroda, B. Am. Chem.
(57) Kimura, T.; Suzuki, M.; Tomura, S.; Oda, Khem. Lett2003 32, 188. Soc.2005 127, 7183.
(58) Kimura, T.; Suzuki, M.; Maeda, M.; Tomura, Blicroporous Mesoporous (72) Mochizuki, D.; Kowata, S.; Kuroda, KChem. Mater2006 18, 5223.

Mater. 2005 95, 213.
(59) Shigeno, T.; Nagao, M.; Kimura, T.; Kuroda, Kangmuir2002 18, 8102.

(60) Kimura, T.; Tamura, H.; Tezuka, M.; Mochizuki, D.; Shigeno, T.; Kuroda,

K. Stud. Surf. Sci. CataR007, 170, 1740.

(73) Ishii, R.; lkeda, T.; Itoh, T.; Ebina, T.; Yokoyama, T.; Hanaoka, T.;
Mizukami, F.J. Mater. Chem2006 4035.

(74) Ikeda, T.; Akiyama, Y.; Oumi, Y.; Kawai, A.; Mizukami, Angew. Chem.,
Int. Ed. 2004 43, 4892.

J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008 203



ARTICLES Kimura et al.

transmission electron microscopic (TEM) results of the layered
Ci16TMA —kanemite complex (Figure S3 and Table S2) and as-
synthesized KSW-2 (Figure S4) are shown in the Supporting Informa-
tion.

2.3. Silylation of As-Synthesized KSW-2Prior to silylation, as-
synthesized KSW-2 (1.5 g) was dried under vacuum at’Qfor 3 h.

The dried precursor was dispersed in a mixture of dehydrated toluene
(30 mL) and dehydrated pyridine (5 mL). The suspension was mixed
with an excess of §1,70SiCk (5.27 g, 20 mmol) fo 1 d atroom
temperature under a;Nitmosphere. After filtration, the solid product
was washed with toluene to remove unreactgd:€SiCk and washed

with dichloromethane to remove pyridine hydrochloride and deinter-
calated GsTMACI. The resultant solid product was dried under vacuum.

Octoxy groups can be removed by hydrolysis under very mild
conditions. Silylated KSW-2 with octoxytrichlorosilane (0.2 g) was
added to a mixture of THF (20 mL), 8 (2 mL), and pyridine (1
mL). After stirring for 1 d atroom temperature, the solid product was L L L L L
recovered by centrifugation and washed with a mixture of THF and 0 2 4 6 8 10 12
water. The resultant solid product was treated at’20nder vacuum 28 [° (Cu Ka)
for 2 h toremove adsorbed pyridine.

Silylation using GH1/(CHs)SIiCl, (4.55 g, 20 mmol) was also
conducted in a mixture of toluene and pyridine. After as-synthesized
KSW-2 (1.5 g) was dried under vacuum, the dried precursor was
dispersed in a mixture of toluene (30 mL) and pyridine (5 mL). The
silylated product was washed with toluene and ethanol repeatedly and
air-dried. The organic groups were removed by calcination at°850
for 6 h.

2.4. Characterization.XRD measurements were performed by using
a Rigaku RINT 2000 diffractometer with monochromated Ca K
radiation and a Bruker AXS MO3X-HF22 diffractometer with Mn
filtered Fe Ka radiation. TEM images were taken by a JEOL JEM
2010 instrument, operated at 200 K¥Si and'*C NMR measurements
were performed by using a JEOL Lambda-500 spectrometer at
resonance frequencies of 99.25 and 125.79 MHz, respectively. Solid-
state?°Si MAS NMR spectra were recorded on a JEOL JNM-CMX-
400 spectrometer at a resonance frequency of 79.42 MHz wittf a 45
pulse, a recycle delay of 200 s, and a scan of 200. Solid-Stat€pP/

MAS NMR spectra were recorded at a resonance frequency of 100.40 0 10 20 30 40 50 60

MHz with a contact time of 1.5 ms and a recycle delay of 5 s. The 20 1° (Cu Ka)

samples were put into zirconia rotors and spun at 5 kHz. The conditions Figure 2. Low and high angle XRD patterns of KSW-2 silylated with
lead to full relaxation of the signals, indicating that quantitative analysis CgH;70SiCk and hydrolyzed (Better profiles of Figure 1b in ref 60).

is possible?°Si and*3C chemical shifts were referenced to tetrameth-

ylsilane at 0 ppm. Peak areas of tH8i MAS NMR spectra were 5 _ha5ed mesoporous silica (Figure 2) that was obtained through

calculated as follows. The total areas of @/l peaks were set to be silylation of the mesostructured precursor witdHz;0SiCk and

1.00 in order to compare the peak areas betw@esilicate species in subsequent hvdrolvsis to remove octoxv aroups shows four
the original framework of as-synthesized KSW-2 and those in silylated ~ . q ydroly Yy group .
diffraction peaks (4.09, 2.89, 2.05, and 1.79 nm) in low

KSW-2, and the peak areas due to the silylating agents were also ™’ . -
calculated on the basis of the same criterion. Compositions of the diffraction angles. These are assignable to (11), (20, 02), (22),

products were calculated as follows. Thermogravimetry-differential @nd (31) peaks, respectively, due to a 2-D orthorhombic
thermal analysis (TG-DTA) was carried out with a Rigaku Thermo Mmesostructurecmn) with a = 5.78 nm ancb = 5.79 nm?#’
Plus2 instrument under flowing dry air at a heating rate of@@nin. The unit cell parameters.@ndb) are almost identical, indicating
Residual weights after heating up to 9@ were treated as the amount  the pore shape is almost square. The wide-angle XRD pattern
of SiG, fractions in the products. The amounts of organic constituents of the material shows several peaks attributable to a periodic
such as GTMA ions and octoxy groups were determined by using a  strycture based on the crystalline framework of kanemite. In
_Perkm-EImer PE-2400 (CHN gnaly3|s).2 Nadsorption-desorption particular, two peaks with thé-spacings of 0.37 and 0.18 nm
isotherms were recorded by using a Quantachrome Autosorb-1 at 77corresp0nd to the periodic structure in kanemite alongteis

K. The samples were preheated at 200for 6 h under vacuum. Total . . .
specific surface areaSder) were calculated by the BET metHddising which z?lre pOSS.Ibly assignable to the (002) and (004) peaks of
kanemite, as discussed later.

adsorption data. Inner surface aregsand total pore volumed/j were > o
estimated by theplot method, and then pore sizes were calculated by ~ The TEM images also support the presence of the periodic
the equation of ¥/S Water adsorption measurements were also Structure in the silicate framework with the mesostructural

conducted by using a Quantachrome Autosorb-1 at@5 ordering. The TEM images of KSW-2 silylated withghd;+-
OSiCk and hydrolyzed are shown in Figure 3. The correspond-
ing selected area electron diffraction (SAED) pattern is also
3.1. Synthesis of KSW-2-Based Mesoporous Silica with  shown in the figure. The squared pore shape was observed
Molecularly Ordered Framework. The XRD pattern of KSW- clearly with the presence of one-dimensional (1-D) mesopores,

(1)

Intensity (a. u.)

0.37

Intensity (a. u.)

[l 1 1 ] 1

3. Results and Discussion
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Table 1. Compositions of As-Synthesized KSW-2, KSW-2
Silylated with CgH170SiClz, and KSW-2-Based Mesoporous Silica
Obtained after Hydrolysis

C/mass % N/mass % SiO,/mass % Cg/Si ratio
as-synthesized 26.6 15 57.0 -
silylated 20.1 0.0 66.8 0.19
hydrolyzed 13.9 25 73.9 0.03
hydrolyzed 5.5 0.3 82.6 0.03

aThe value was due to adsorbed pyridine used in the hydroB3ise
sample was treated at 12C€ for 2 h under vacuum to remove adsorbed
pyridine.

Ordered mesoporous materials with the kanemite-based
framework can be obtained by silylation using alkoxychlorosi-
lanes and alkylmethyldichlorosilanes whose molecular structures
are important for the design of the periodic silicate units
originating from kanemité€® Difunctional and trifunctional
organosilanes are suitable for smooth reactions with surface Si
OH groups. KSW-2-based mesoporous silica with the molecu-
larly ordered framework, prepared in this way, is totally different
from mesoporous zeolites reported receftl{z4* As men-
tioned in the introduction, KSW-2-based mesoporous silica is
q composed of a nonporous silicate framework surrounding
mesopores because the parent silicate sheets of kanemite are
constructed with only six-membered rings of %i0nits. In
accordance with the structural feature, KSW-2-based mesopo-
rous silica is absolutely useful for the investigation of the
catalytic performance and adsorption property arising exclu-
sively from ordered mesopores. In addition, assuming the new
lattice constantsa(= 5.78 nm,b = 5.79 nm, anct = 0.74 nm)
of an orthorhombic structuré>pcn), a peak at the-spacing of
0.67 nm is assignable to the (111) peak. The peak was observed
whenever the two peaks with tliespacings of 0.37 and 0.18
nm were observed. Though ED spots relating to the 0.67 nm
peak should be observed inside the arch contrast due to the
ordering of ~0.37 nm, we have not yet obtained such data
probably because of its weak intensity. Although further study
is necessary to prove this interpretation, the KSW-2-based
mesoporous silica is closest to the first ordered mesoporous
material with a crystalline framework and all the XRD peaks
can be indexed tohkl) planes of one crystal structurlfcn
and the repeat distance (ca. 4.0 nm) between pores is consisterds described above.
with the d;; spacing. Slightly arc-shaped spots corresponding  3.2. Formation Process of KSW-2-Based Mesoporous
to the ordering of~0.37 nm were confirmed in the SAED  Silica with Molecularly Ordered Framework. The low- and
pattern (Figure 3c). The spots were observed in the position wide-angle XRD patterns of as-synthesized, silylated, and
perpendicular to the spots due to the mesostructural ordering,hydrolyzed KSW-2 were quite similar to one another, indicating

Figure 3. TEM images taken along with (a) parallel and (b) perpendicular
directions to the 1-D mesopore of KSW-2 silylated witgHz0SiCk and
hydrolyzed, and (c) the corresponding SAED pattern and (d) the Fourier
diffractogram of (b).
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Figure 4. N2 adsorption-desorption isotherm of KSW-2 silylated with
CgH170SiCk and hydrolyzed.

1.0

indicating that the~0.37 nm periodicity is aligned along the
mesochannels.
The N, adsorptior-desorption isotherm of the material is

that the mesostructural ordering and the periodicity in the silicate
framework hardly changed during the silylation and hydrolysis
processes. Tha-spacings of silylated KSW-2 were comparable

shown in Figure 4, exhibiting a type IV behavior characteristic to those observed for as-synthesized KSW-2. The mesostructural
of ordered mesoporous materials. The BET surface area, theordering with a repeated distance of ca. 4.0 nm was retained
pore volume, and the pore diameter were 672qnt, 0.43 cn¥ completely after silylation, being supported further by the TEM
g%, and 2.6 nm, respectively. On the basis of the correspondingimage of silylated KSW-2 (Figure 5). The image shows that
os curve shown in Supporting Information Figure S4, the squared mesopores are arranged regularly and entirely in a
micropore volume was calculated to be 0%gt?, which is particle.

consistent with the proposed model shown in Figures 1 and 8. The variation in thé°Si MAS and3C CP/MAS NMR spectra
Surface octoxy groups in the mesoporous silica were almost during the synthesis of KSW-2-based mesoporous silica obtained
eliminated after hydrolysis under the very mild conditions (see through silylation and subsequent hydrolysis are shown in
Table 1). The surface area is smaller than that observed forFigures 6 and 7, respectively. The spectrum of as-synthesized
ordinary KSW-2 obtained by calcination because the presenceKSW-2 showed three peaks due@ (—90 ppm),Q3 (—100

of additional surface SiQlayers after silylation makes the
silicate framework thicker.

ppm), andQ* silicate species{110 ppm) Q%Q3%Q* = 0.03:
0.47:0.50). The peak widths are narrower than those observed
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Figure 5. TEM image of KSW-2 silylated with gH;70SiCk.
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Figure 6. 2°Si MAS NMR spectra (solid lines) with the deconvoluted peaks
(dotted lines) of (a) as-synthesized, (b) KSW-2 silylated wighl{Z0SiCk,

and (c) KSW-2-based mesoporous silica obtained after hydrolysis. (Solid
lines of (a) and (b) are reproduced from Figure 3(right)(a) and 3(b) in ref
60.)

for MCM-type mesostructured precursors. The silicate frame-
work of as-synthesized KSW-2 is better ordered than that in
MCM-type materials composed of amorphous silica networks.
The presence of only a small amount @f units reveals a
vanishingly low fragmentation of the individual silicate sheets
in kanemite. As reported previousl{the appearance ¥ units

is due to interlayer condensation of-SDH groups between

adjacent sheets through the bending and intralayer condensatiort

within the individual silicate sheets. This structural change in
the silicate sheets is vital for the formation of the 2-D

orthorhombic phase from a layered complex composed of the

kanemite-based crystalline framework. The periodicity in the

silicate framework of as-synthesized KSW-2 is reduced gradu-

ally with the proceeding of intralayer and interlayer condensa-

tion. In the present study, further structural change in the silicate

framework is suppressed completely by silylation usigbl{
OSiCk to stabilize the periodic structural units in as-synthesized

KSW-2 and subsequent hydrolysis to remove octoxy groups
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Figure 7. 13C CP/MAS NMR spectra of (a) as-synthesized KSW-2, (b)
KSW-2 silylated with GH,70SiCk, and (c) KSW-2-based mesoporous silica
obtained after hydrolysis. (Lines (a) and (b) are reproduced from3te
CP/MAS NMR spectra of Figure 3(left)(a) and 3(b) in ref 60.)

under very mild conditions, successfully affording KSW-2-type
mesoporous silica with a molecularly ordered framework.

The spectrum of KSW-2 silylated withgl170SiCk exhibits
new peaks at-62 and—84 ppm, which can be assigned to
grafted species derived fromgld;70SiCk such asX ((CgO)-
Cl;Si(OSi)) andyY ((CgO)CISi(OSi),), respectively. The area of
the Q% peak decreased significantly after the silylatiofif
Q%4Q%/Q* = 0.05:0.06:0.00:0.21:0.79), indicating the successful
reaction of GH;70SiCk with surface Si-OH groups. The&®Si
MAS NMR spectrum of KSW-2-based mesoporous silica after
hydrolysis to remove octoxy groups shows three peaks centered
at —90 (@, —100 @°), and —110 @% ppm with the
disappearance of two peaks-a62 and—84 ppm Q¥Q%Q* =
0.04:0.31:0.76). The increase of tQ8 andQ® peaks suggests
that S=OCg and Si~Cl groups were converted into additional
Si—OH groups during hydrolysis. Considering the higf/(X
+Y) ratio in silylated KSW-2, it is considered that the additional
Si—OH groups are condensed during silylation, hydrolysis, and
drying. The relative area and the width of ti¥ peak are
comparable to those observed for as-synthesized KSW-2,
implying the possession of the periodic structure.

As displayed in Table 1, the carbon content of silylated
KSW-2 decreased down to 20.1 mass % while that of as-
synthesized KSW-2 was 26.6 mass %. The carbon content in
silylated KSW-2 corresponds to the organic fractions of octoxy
groups. The complete removal ofidTMA ions was checked
imultaneously by the nitrogen content, and then the amount
of octoxysilyl groups was estimated to be 0.19 groupssSiO
The introduction of the organic groups and the elimination of
C16sTMA ions were proven by3C CP/MAS NMR (see Figure
7). Several peaks due to carbon atoms igTMA ions were
observed in as-synthesized KSW-2, and all of the peaks
disappeared completely after silylation. It has been reported that
the chemical shift of the. carbon atom in octyl alcohol depends
on the staté® o carbon atoms in octyl alcohol adsorbed

(75) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R.
A.; Rouquerol, J.; Siemieniewska, Pure Appl. Chem1985 57, 603.
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s
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Figure 8. Schematic formation process of KSW-2-based mesoporous silica
with molecularly ordered frameworks formed by silylation.

physically on silica surfaces and octoxy groups in aG+C
linkage can be detected at 63 ppm and 6465 ppm, respec-
tively. The appearance of a single signal at 65 ppm strongly

based mesoporous silica with a molecularly ordered framework
can be obtained after hydrolysis to remove alkoxy groups.
Further design of the surface structures is interesting because
organically modified materials have attracted much attention
for expanding the potential applications of silica-based meso-
porous materials.

3.3. Design of KSW-2-Based Mesoporous Silica with
Molecularly Ordered Framework. We have shown a typical
synthesis for obtaining KSW-2-based mesoporous silica with
the molecularly ordered framework. This crystalline KSW-2-
based mesoporous silica is quite interesting and essentially
different from reported mesoporous zeolites because the me-
sopores are surrounded by nonporous silicate walls. As described
above, the KSW-2-based mesoporous silica can be obtained
through several processes including the preparation of as-
synthesized KSW-2, silylation using alkoxytrichlorosilanes, and
subsequent hydrolysis of alkoxy groups. Although all the organic
groups are eliminated by hydrolysis to obtain pure silica
mesoporous material, we have introduced the possibility to
further design KSW-2-based mesoporous silica by organic
modification in this section.

The 2°Si MAS NMR spectra of KSW-2-based mesoporous
silica obtained through silylation of a mesostructured precursor
with CgH17(CHz3)SiCl, containing two reactive sites are shown
in Supporting Information Figure S7. In tH€Si MAS NMR

indicates the presence of octoxysilyl groups without the cleavage SPectrum of as-synthesized KSW-2, the peaks du@’tand

of Si—O—C linkage. Any peaks due to carbon atoms were not
observed after hydrolysis, revealing the complete removal of
octoxy groups.

C16TMA cations are eliminated during silylation, affording
KSW-2-based porous silica with surface octoxy groups. As
shown in Supporting Information Figure S6, the, N
adsorption-desorption isotherm of silylated KSW-2 was type
I, characteristic for microporous materials. The BET surface
area, the pore volume, and the pore diameter were 58§
0.23 cn? g%, and 1.6 nm, respectively. It is natural that the

Q* silicate species@¥/Q* = 0.57:0.43) were observed at around
—100 and—109 ppm with a very small peak due @ species

at —88 ppm, respectively. The profile was changed by silylation
with CgH17(CHg)SiCl,, and the peaks due ©@* and D2 with
small Q® peaks D¥Q%Q* = 0.15:0.14:0.71) were observed,
centered at-110, —13, and—100, respectively. Th®? peak

is assignable to Si atoms in octylmethylsilyl groups derived from
CgH17(CH3)SiClp, and the significant decrease of tR8 peak
indicates the successful modification of the surface (G
groups with GHi7ACH3)SiCl,. The XRD patterns of as-

values are smaller than those of KSW-2-based mesoporous silics8ynthesized KSW-2 and the silylated material are shown in

because the silicate framework is covered further with octox-
ysilyl groups.

The formation process of KSW-2-type mesoporous silica with
the designed silicate framework is illustrated in Figure 8. As-
synthesized KSW-2 with a 2-D orthorhombic structure can be

Figure 9. Three diffraction peaks (4.19, 2.94, and 2.05 nm in
as-synthesized, 4.27, 2.88, and 2.09 nm in silylated KSW-2)
were observed in low diffraction angles. These are assignable
to (11), (20), and (22) peaks due to a 2-D orthorhombic structure,
respectively. In each wide-angle XRD pattern, two (002) and

formed through bending of kanemite-based silicate sheets during(004) peaks due to the periodic structure based on the kanemite

the mild acid treatment of the layered;dCMA —kanemite
complex prepared at room temperattfr&he 2-D orthorhombic
structure can be retained after removal @§I®A ions but the
periodic structure originating from kanemite in the silicate
framework vanishes by calcination, meaning the formation of
ordered mesoporous silica with an amorphous framewWois.
reported previousl§? the periodic structure in the silicate
framework is lost when as-synthesized KSW-2 is silylated with
silylating agents containing only one reactive site like octyldim-
ethylchlorosilane. Therefore, silylation using appropriate sily-
lating agents is quite important for retaining the periodic
structure originating from kanemite (wrinkled silicate sheets).
As-synthesized KSW-2 is modified with silylating agents with

structure were observed at the positions withdkepacings of
0.37 and 0.18 nm, respectively. As shown in Supporting
Information Figure S8, the Nadsorptior-desorption isotherm
shows a behavior between type | and IV, and the BET surface
area, the pore volume, and the pore diameter were 505 i
0.16 cn? g1, and 1.7 nm, respectively. The presence of surface
octyl groups and the absence ofgCTMA ions in the material
were proven byl3C CP/MAS NMR and CHN analysis,
respectively.

The grafted organic groups are more stable than octoxy
groups, leading to the organic modification with stabilization
of the kanemite-based framework in as-synthesized KSW-2.
Silylation of the mesostructured precursor is superior to post-

two or more reactive sites such as alkoxytrichlorosilanes. The modification of calcined samples. A large number of the organic

wrinkled silicate units are capped with the silylating agents, and
the structural units are stabilized by forming new structural units
such as five-membered rings of SiOnits. Finally, KSW-2-

groups are considered to be regularly fixed on the surfaces
because of the presence of the molecular ordering in the silicate
framework.
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Figure 9. Low- and wide-angle XRD patterns of (a) as-synthesized KSW-2 0 0 0 30 0 50 €0
and (b) KSW-2 silylated with @H17(CH3)SiCl. (Parts of the lines (a) and 26 /° (CuKo)
(b) in the right figure in wider angles than 1are reproduced from the  Fjgure 10. Low- and wide-angle XRD patterns of calcined KSW-2-based
lines (a) and (b) of Figure 6 (left) in ref 60.) mesoporous silicas prepared (a) without and (b) with organic modification

) ) with CgH17(CH3)SiCl. (A part of line (b) (right) in the wide-angle XRD
Thus, we have proposed several routes to obtain a variety of pattern higher than £5s reproduced from the line (c) of Figure 6 (left) in

KSW-2-based mesoporous silica with molecularly ordered ref 60)

frameworks. (1) Pure silica mesoporous material can be obtained ) -

through silylation using alkoxytrichlorosilanes and subsequent Periodic structure in the silicate framework was lost after
hydrolysis of alkoxy groups. (2) KSW-2-based mesoporous calcination. The Madsorptior-desorption isotherm of calcined
silica with surface organic groups can be prepared through KSW-2 without modification shows a type IV behavior (Sup-
silylation using organochlorosilanes having two or more reactive Porting Information Figure S6), and the BET surface area, the
sites. (3) As a possible extension, organically modified KSw- Pore volume, the pore diameter, and the wall thickness were
2-based mesoporous silica may also be prepared through690 ¥ g%, 0.31 cntg™, 2.3 nm, and 1.3 nm, respectively. In
silylation using silylating agents containing ether bonds in contrast, although thedsorption-desorption isotherm of the
grafting organic groups and the following reaction of the ether calcined KSW-2 after silylation using ¢8:7(CHs)SiCl, also
groups. A wide variety of organic groups can be grafted by shows a type IV behavior (Supporting Figure S6), the periodic
using appropriate silylating agents on the surface of KSW-2- structure in the silicate framework of silylated KSW-2 still
based mesoporous silica. remained even after calcination. The BET surface area, the pore

3.4. Stability of the Molecularly Ordered Framework. volume, the pore diameter, and the wall thickness were 786 m
KSW-2-based mesoporous silica silylated wiHg{CHz)SiCl, g% 0.34 cnt g%, 2.3 nm, and 1.8 nm, respectively. Tte-
was calcined at 550C under ambient air to check the thermal spacing (4.05 nm) was larger than that observed for calcined
stability of the molecularly designed framework. The XRD KSW-2 without silylation. The result reveals that the molecularly
patterns of calcined KSW-2-based mesoporous silica obtainedordered framework in as-synthesized KSW-2 is stabilized and
with and without silylation are shown in Figure 10. The low- designed by silylation as illustrated in Figure 8 and further
and wide-angle XRD patterns of ordinary KSW-2 obtained by condensation during calcination is suppressed. Therefore, the
calcination of as-synthesized KSW-2 indicate that the mesos- stability of the kanemite-based framework is drastically en-
tructural ordering was maintained;{ = 3.57 nm) whereas the  hanced by silylation.
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It is well-known that the stability of ordered mesoporous silica framework of kanemité®-8 By the combination of these
increased by organic modification because the cleavage-of Si methods, organically and inorganically designed KSW-2-based
O—Si bonds with water molecules cannot occur at the silica mesoporous silicas can be synthesized, which will provide a
surface because of its strongly enhanced hydrophol5teH° number of unique functions.

The mesostructural ordering of KSW-2 is stabilized by the

presence of alkyldimethylsilyl grouy8 Water vapor adsorption Acknowledgment. This work was partly supported by a
measurement of KSW-2, silylated with g8, 0SiCk and Grant-in-Aid for the Promotion of Science and Technology by

hydrolyzed, shows the stability of the molecularly ordered Ministry of Education, Culture, Sport.s, Sf:ience and Technology
framework under water vapor. In comparison with calcined (MEXT), Japan (T.K.), and Grants-in-Aid for the global COE
KSW-2 without silylation, silylated and hydrolyzed KSW-2 has Program “Practical Chemical Wisdom” and Encouraging De-
a slightly more hydrophilic surface, which is reflective of the Velopment Strategic Research Centers Program “Establishment
increased surface SOH density calculated on the basis of the of Consolidated Research Institute for Advanced Science and
295i MAS NMR and N adsorption data, though both of the Medical Care”, MEXT, Japan (K.K.).The A3 Foresight Program
water vapor adsorption isotherms were type V, being quite “Synthess and Structural Resolution of Novel Mesoporous
similar to those observed for ordered mesoporous gifiggs ~ Materials” supported by the Japan Society for Promotion of
The XRD pattern of silylated and hydrolyzed KSW-2 did not Science (JSPS) is also acknowledged.

change after the adsorpt_i(_)n measureme_nt, revealing the im- Supporting Information Available: Figures S1°Si andC
proved hydrothermal st_a}bmty due to_t_he thlcl_<er_ pore walls that R spectra of GH1;0SiCk after distillation), S2 (crystal
are designed and stabilized by additional Siits. structure and XRD pattern of synthesized kanemite), S3 (XRD
4. Conclusions pattern of layered GTMA—kanemite complex), S4 (TEM
images and SAED patterns of as-synthesized KSW-2)0$5 (
plot curve of KSW-2 silylated with gH1;0SiCk and hydro-
lyzed), S6 (N adsorptior-desorption isotherm of calcined
KSW-2 without silylation, KSW-2 silylated with §4,70SiCk,
and the hydrolyzed product; filled symbols denote desorption),
7 (N, adsorption-desorption isotherm of calcined KSW-2
ithout silylation, KSW-2 silylated with gH17(CHz3)SiCl,, and
the calcined material), S89i MAS NMR spectra of as-
synthesized KSW-2 and the product silylated wiiG(CHs)-
SiCly), and Tables S1 (XRD result on the synthesis of kanemite)
and S2 (XRD result on the synthesis of layeregsT®MA —
kanemite complex prepared at room temperature). This material
is available free of charge via the Internet at http://pubs.acs.org.

KSW-2-based mesoporous silica with the molecularly ordered
framework was obtained through modification using silylating
agents with two or more reactive sites such aslG@OSiCk
and GHi7(CHg)SiCh. A structural design in the silicate
frameworks of ordered mesoporous silicas is also possible by
using mesostructured precursors prepared from other layere
polysilicates?%-52 The strategy is quite useful for designing and
stabilizing the silicate frameworks of mesostructured precursors
with simultaneous removal ofgT MA ions without calcination,
indicating the possible preparation of a wide variety of organi-
cally modified mesoporous silicas with molecularly ordered
frameworks including pure silica mesoporous materials by
choosing suitable silylating agents. The molecularly ordered
framework of as-synthesized KSW-2 is designed and stabilized JA0744145
through ring formation by attaching Si@nits to the kanemite-
based framework_ Further des|gn Of KSW_Z_based mesoporous(76) Inagaki, S.; Yamada, Y.; Fukushima, Stud. Surf. Sci. Catall997, 105,
silica may be possible by the structural control of silylating (77) Kitayama, Y.; Asano, H.: Kodama, T.; Abe, J.; Tsuchiya,JY Porous
agents with organic functions. In addition, as-synthesized metal 78) '\}fg;‘ff-Ql_?g%r?ﬁ’l@% Rey, F.; Corma, Al. Mater, Chem2000 10, 993,
(e.g., Al, Ti, etc.) containing KSW-2 with molecularly ordered (79) Shigeno, T.; Inoue, K.; Kimura, T.; Katada, N.; Niwa, M.; Kuroda,JK.
frameworks can also be obtained through the development of .. Mater. Chem2003 13, 883.

| . . . X (80) Kimura, T.; Suzuki, M.; Ikeda, T.; Kato, K.; Maeda, M.; Tomura, S.
synthetic procedures for incorporating metal species in the Mcroporous Mesoporous Mate2005 95, 146.
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