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1.1 Mesoporous Materials Overview

Ordered mesoporous materials have attracted much attention for years because of
the excellent physical properties including a huge specific surface area, nanometer scale-
fine pores and high stability that are merits for use as a catalyst, catalysis support,
inclusion vessels, and an adsorbent. Nowadays, more than 1000 reports on mesoporous
materials are published a year.

In the early 90’s, Yanagisawa ef al. discovered mesoporous silicas (denoted as
KSW-1 in the thesis) by the reaction of a layered polysilicate kanemite with alkyl-
trimethy lammonium (C,H,,. (CH3);N", C,TMA) surfactants.' The surfactant
assembly plays a role in the formation of ordered mesopores because the pore sizes
varying from 2 to 4 nm are dependent on the alkyl chain lengths of C,TMA ions (n =
12—-18). On the other hand, Mobil researchers expanded the availability of surfactant
assemblies into the synthesis of ordered mesoporous silicas and aluminosilicates.>® The
materials, designated as M418S, have been prepared using the hexagonal, cubic and lamellar
liquid-crystal phases of C,TM A surfactants. The variation in the pore sizes up to 10
nm can also be achieved by changing the amount of 1,3,5-trimethy Ilbenzene (TMB) as an
auxiliary organic additive into the C,TM A micelles. Except for the thermally unstable
lamellar mesophase, the M41S materials possess high surface areas above 700 m*> g !,
pore volumes of 0.79—1.2 cm® g ! and great capacities of organic molecules.

From the viewpoint of the synthesis of extra-large pore molecular sieves, the
discovery of KSW-1 and M41S prepared using surfactant assemblies is a breakthrough
because zeolites can be usually synthesized using small organic amine molecules and
ammonium ions as structure-directing agents. Several structures of the inorganic-
surfactant mesophases and the mesoporous materials have been reported up to date.
Thus, the reports on the mesostructured and mesoporous materials have intensely

increased as the years pass.
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1.2 Classification of Ordered Mesoporous Silicas

Ordered mesoporous silicas can be prepared by the reaction between uniform
organic assemblies and inorganic species. Therefore, novel ordered mesoporous
materials are possibly obtained by utilizing new surfactant assemblies, another organic
aggregates as structure-directing agents, and silica source as a starting material. Here,

these materials are classified according to the kind of organic assemblies used.

1.2.1 Alkyltrimethylammonium surfactants

C,TMA ions are the most frequently used surfactants for the synthesis of ordered

I3 FSM-16,* which has been prepared by optimizing the

mesoporous materials.
reaction condition for KSW-1, has been developed by the groups of both Waseda
University and Toyota Central R&D Laboratory Inc. FSM-16 has hexagonal pore
arrangements with a p6m structure. The materials are one of the most interesting
mesoporous materials because the synthetic method using kanemite is unique in the field
of the synthesis of mesoporous materials.

M41S family includes hexagonal (p6m) M CM-41, cubic (Ia§ d) MCM-48 and
lamellar (L) MCM-50 prepared using the liquid-crystal phases of C,TMA ions.*’
The M41S materials were obtained from the mixtures of C,TM A ions, silica sources and
alumina sources by hydrothermal treatment in basic media. Both C,TMA/Si molar

8

ratio™® and reaction temperature”® are important for the synthesis of regular C,TM A-

silicate mesophases. can be synthesized in the presence of surfactants with large head
groups such as alkyltriethylammonium (C,Hy,(C2Hs);N*, C,TEA) in acidic media.”'°

1.2.2 Gemini surfactants

The use of gemini surfactants (C,Ha,s1(CH3),N"(CH,)N " (CH;3),CiHom i1, Crsm) 1S
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available for the inorganic-surfactant mesostructures design, especially for the formation
of surfactant spheres. Stucky and co-workers have reported SBA-2 (3-d hexagonal,
P6s/mmm) materials synthesized using divalent quaternary ammonium surfactants (e.g.,
Ci23-15 Cias1, Ciso1, Ciss-1, Cis6-15 Cis-s-1, Cis6-1, Co3-1) In both basic and acidic

media.”!°

However, the pore system of SBA-2 is not clear because the mesoporous
structure is collapsed if all the cages can be connected. SBA-3 (p6m) prepared using
gemini surfactants (e.g., Cis-3-16, Ci6-4-16> Ci6-6-16> C16-7-16> C16-8-16> C16-10-16> C16-12-16) I
acidic media is analogous with MCM-41. MCM-48 and -50 can also be synthesized

using gemini surfactants if surfactants are selected appropriately.

1.2.3 Neutral surfactants

Tanev and Pinnavaia have reported a mesoporous silica HMS synthesized using
neutral alkylamines (C,H,,+NH,, C,,A).“'15 The assembly of C,A molecules is worm-
like rods and the formation of HM S occurs through self-assembly of hydrogen-bonded
C,A-silicate species. Therefore, the weaker interaction between silicates and C,A
molecules in HM S than the ionic bonds in M41S allows easy removal of C,A molecules
by solvent extraction; high-cost C,A surfactants can be recovered.

MSU materials reported by Bagshaw et al. can be prepared using neutral surfactants
which are non-ionic polyethylene oxide (PEO) surfactants.'® The surfactants are low-
cost, nontoxic and biodegradable in comparison with the alky lammonium and alkylamine
types of surfactants. MSU-1 and MSU-2 named after the kind of PEO surfactants used
such as C,EO,, and C,PhEO,, (C,; alkyl chain, EO,,; ethylene oxide unit, Ph; phenyl
group), respectively.  Although MSU-type materials have a disordered pore
arrangement, Attard et al. reported mesoporous silicas prepared using liquid-crystal
phases of PEO surfactants.!” The liquid-crystal phases of PEO surfactants are very
sensitive to cosolvents (e.g, methanol, ethanol) formed by the hydrolysis of

tetraalkoxysilanes used as silica sources. Therefore, these cosolvents must be removed
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to create the well-defined liquid-crystal phases of PEO surfactants.

Zhao et al. have expanded the availability of PEO surfactants into the synthesis of
mesoporous silicas with ordered structures in acidic media without removal of ethanol
evolved from tetraethoxysilane (TEOS).'"® Periodic arrangements of mesoscopically
ordered pores with cubic Imgm, cubic Pm3m (or others) (SBA-11), 3-d hexagonal
(P63/mmc) (SBA-12), 2-d hexagonal (p6m), and lamellar (La) symmetries have been
successfully reported. The structures depend on the alkyl chain lengths and the lengths

of EO moieties.

1.2.4  Block copolymers

Bagshaw et al. have showed the availability of commercial triblock copolymer
(PEO)3(PPO);o(PEO)5 (PEO; polyethylene oxide block, PPO; polypropylene oxide
block) for the formation of a mesoporous silica MSU-3." MSU-3 has a disordered
structure and can be obtained by just adding TEOS to a triblock copolymer aqueous
solution; the pore size of MSU-3 was 5.8 nm.

Recently, Stucky and co-workers reported triblock copolymer syntheses of well-
defined hexagonal (p6m) mesoporous silicas SBA-15 at appropriate temperatures
(35-80 °C) according to the used triblock copolymer in acidic media.'>"® At pH = 1,
positively charged protonated silicate species interact preferentially with the more
hydrophilic PEO block or blocks to promote cooperative self-assembly of a silica-block-
polymer-rich mesophase from a dilute water-rich phase. Concurrent and further
condensation of the silicate species in the presence of the block copolymer surfactant
species results in the formation of the mesophase silicate composite and therefore the
wall thicknesses were 3.1-6.4 nm, being larger than those observed for mesoporous silicas
prepared using surfactant assemblies.®> The absence of sufficiently strong electrostatic
or hydrogen-bonding interactions at pH values of 2-7 leads to the formation of

amorphous or otherwise disordered silicas such as MSU-3.
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By using many (PEO),,(PPO),(PEO),, triblock copolymers where (m, n) were (5,
70), (20, 70), (17, 85), (20, 30), (26, 39), (13, 70), and (19, 33),'®!® hexagonal SBA-15
materials with pore sizes ranging of 4.6 to 10 nm can be obtained, especially the pore size
was varied up to 30 nm by using TMB as a solubilizing agent. The assembly of
(PEO),,(PPO),(PEO),, possesses a greater adsorption capacity of organic molecules than
those of C,TMA surfactant assembly. A cubic (Im 3 m) mesoporous silica SBA-16 can
be prepared wusing triblock copolymer such as (PEO);p5(PPO)7(PEO)s,
(PEO)10o(PPO)39(PEO) o9 and (PEO)gy(PPO)3o(PEO)gy. A larger PEO/PPO ratio (>
1.5) tends to favor the formation of SBA-16. In addition, a lamellar mesophase silicate
can be also obtained using (PEO)s(PPO);o(PEO)s.

Antonietti and co-workers also reported the preparation of mesoporous silicas with

2021 An anionic

new pore morphologies using assemblies of ionic block copolymers.
poly(ethylethylene)-b-polystylenesulfonate block was utilized as an organic aggregate.
Depending on the relative block lengths and the salt content in the reaction mixture,
different aggregation structures were obtained, leading to well-defined spherical pores in

the range of 10-50 nm, more complex architectures (rattles) and casts of multilamellar

vesicles.

1.2.5 Other organic assemblies

Schacht et al. reported the synthesis of mesoporous macroscale structures using
surfactant assemblies at oil-water interfaces (emulsion) in acidic media.”* Emulsions
acted as a morphology-controlling agent and C,TMA surfactants confirmly played a role
in a structure-directing agent. In contrast, Impof and Pine showed the availability of
emulsions as structure-directing agents for the synthesis of ordered macroporous
materials.”> The surfactant was a symmetric poly(ethylene glycol)-poly(propylene
glycol)-poly(ethylene glycol) triblock copolymer with a relative molecular mass of 5,800

containing 30 % by weight of ethylene glycol monomer. The pore size of obtained
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materials was greater than 50 nm.

1.3 Formation of Silicate-Surfactant Mesophases

The preparation of inorganic-surfactant mesophases is the first process for
mesoporous materials synthesis.  Many researches on both silicate-surfactant
mesophases and mesoporous silicas have been conducted. Some of the most important

factors for the formation of inorganic-surfactant mesophases are summarized here.

1.3.1 Formation mechanism of the mesophases

Both FSM-16 and MCM-41 have the same hexagonal (p6m) structure, however, the
morphology of each material is quite different. The morphology of FSM-16 is similar to
the original kanemite and that of MCM-41 is, for example, hexagonal prisms. The
formation mechanisms of these two materials should be mainly described to understand

the preparation of precursors of representative mesoporous materials.

1.3.1.1 Formation mechanism of FSM-16

Inagaki et al. have proposed “Folded Sheets Mechanism” (Figure 1-1, pathway
(1)).4**%  Also, higher pH over 11.5 at the reaction process and the subsequent pH
adjustment at 8.5 at the condensation process were best suited for the formation of
FSM-16 with high regularity and thermal stability. However, Chen et al. pointed out
that kanemite sheets are dissolved during the reaction’® because of the high pH
condition.”® Nevertheless, because the pH value during the synthesis of KSW-1 by
Yanagisawa et al. was kept between 8 to 9,! Chen et al have proposed the other
mechanism (Figure 1-1, pathway (2)).”> The framework of KSW-1 was confirmly

derived from silicate sheets of kanemite, however, the silicate sheets decomposed locally
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surrounded the assemblies of C,TMA ions.

O’Brien et al studied the formation process of FSM-16 obtained from Inagaki’s
method by in situ XRD.>” A layered intermediate is present in the initial stage of the
reaction. For the formation process of MCM-41, incipient peak due to the hexagonal
phase was observed directly. Therefore, the formation process of FSM-16 is quite
different from that of M CM -41, indicating that kanemite sheets are not dissolved during
the synthesis of FSM-16 even at higher pH conditions. If “Folded Sheets M echanism”
is true, an obtained C,TM A-kanemite complex has an orthorhombic structure and two
kinds of silicate wall thicknesses (single SiO,4 sheets and double SiO,4 sheets). However,
the wall thickness of the obtained C,TM A-kanemite complex is almost constant in each
product by TEM.>**®  Then, FSM-16 can be formed from kanemite through making a
domain structure with a hexagonal symmetry by condensation of silicate which might be
derivative of kanemite sheets.

Formation mechanism of mesoporous silicas derived from kanemite has not been
demonstrated yet, thus further research is definitely necessary for better understanding of
the formation mechanism. At least, the fact that KSW-1 and FSM-16 are obtained from
kanemite is confirmed based on the above reports and the materials can be formed by the

different formation process from that of MCM-41.

1.3.1.2 Formation mechanism of MCM-41

The liquid-crystal templating (LCT) mechanism for the formation of MCM-41 have
been proposed by Mobil researchers.>® The syntheses of the M41S materials were
carried out in basic media. Two formation routes (Figure 1-2) could be initially
considered in order to assemble hexagonal arrays of C,TMA surfactant rods.

Chen et al. determined the synthesis mechanism of MCM-41 by powder XRD,
thermogravimetric (TG) and *’Si MAS NMR in combination with in situ "N MAS

NMR.?”  The results revealed that the liquid-crystal phase (pathway 1) was not present
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in the synthesis medium during the formation of MCM-41. They have promoted the
pathway 2 and modified as follows. Randomly ordered rod-like micelles interact with
silicate species to yield approximately two or three monolayers of encapsulation around
the external surfaces of the micelles.  Subsequently, those composite species
spontaneously assemble into the long-range ordered hexagonal structure. With further
heating, the silicate species in the interstitial species of ordered organic-inorganic
composite phase continue to condense.

The initial presence of surfactant liquid-crystal phases is not important for the
formation of M41S. A schematic phase diagram for C;(TM ABr in water is shown in
Figure 1-3, indicating that higher concentration over 35 wt % is necessary to generate
liquid-crystal phases of only C,TMA ions. For the first reports on the synthesis of
M41S, > MCM-41 was synthesized using a high concentration C,TMA aqueous
solution (26 wt %). However, MCM-41 can be also obtained using even lower

O Therefore,

concentration of C;sTMA ions above the critical micelle concentration.’
Huo et al. have reported that the cooperative organization of inorganic-organic interfaces

in the formation of surfactant-silicate mesophases, as shown in Figure 1-4.°'2

Depending on the concentration of the surfactant, the initial organic precursor consists of
spherical or cylindrical (or ellipsoidal) micelles. There is a strong interaction between

the cationic surfactant and anionic silicate species. Nucleation, growth and phase

transitions may be directed by the charge density, coordination and steric requirements of
the inorganic and organic species at the interface and not necessarily by a preformed

structure.

On the other hand, M onnier ef al. have proposed another formation mechanism for
MCM-41.3 The transformation of lamellar into hexagonal mesophases can be occurred
through the formation of MCM-41 in basic media. Such transformation is possible
based on the charge balance between inorganic and organic species as described later.

Depending on the extent for condensation silicate species, the amount of surfactant

molecules included in the silicate-surfactant mesophases is limited. Therefore, with the



Chapter 1 General Introduction 9

progress in condensation of silicate species, hexagonal mesophases are likely to form
because the amount of surfactant molecules decreases. However, many research groups
have claimed that these transformation has never been found during the synthesis of
MCM-41. Although Monnier et al. have showed that the hexagonal mesophase was
obtained through the lamellar mesophase by hydrothermal post-treatment at pH = 7,%* it
is not clear at present whether such transformation of lamellar into hexagonal mesophases
can occur in basic media during the formation medium of MCM-41 or not.

Steel ef al. also proposed the same formation mechanism of hexagonal and lamellar
mesophases.’* By "N MAS NMR measurements, hexagonal and rod-like (and/or
spheres) assemblies were observed. Then, they suggested that rod-like micelles form
initially during the formation of M41S materials. However, O’Brien et al. investigated
the formation process of MCM-41 by in situ XRD.?” The result indicates that the peak
at the d-spacing of 4 nm due to a hexagonal phase can be observed at the initial stage of the

formation of MCM-41.

1.3.2  Packing parameter of surfactant molecules

Israelachvili et al. have demonstrated that the classical and contemporary molecular
description of surfactant organization in amphiphilic liquid-crystal arrays is described in
terms of the local effective surfactant packing parameter (g = V' / (ao/)), where V' is the
total volume of surfactant chain, aj is the effective head group area at micelle surface, and
lis the kinetic surfactant tail length or the curvature elastic energy.”> This theory is
simple and accounts for many of the observed physical properties of micelles.
Depending on the g value, the geometry of surfactant assemblies can be decided. For
examp le, when the g values are 1/3, 1/2 and 1, geometrical forms of surfactant assemblies
are spheres, cylindrical micelles and planar bilayers, respectively.

Stucky and co-workers have synthesized mesophase silicates using various

surfactant molecules and have some efforts to wunderstand surfactant-silicate
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mesostructures in detail by utilizing the packing parameter of surfactant molecules.”'°
The representative results are described as follows. (1) For C;¢H3;R;N", obtained
mesostructures changed from hexagonal (p6m) to cubic (Pm 3 n) when R was varied from
CH; to C,Hs (at room temperature for 1 h in acidic media). (2) For
(C16H33)(CyHom: 1 )N (CHj3),, lamellar mesophases can be obtained with the increase in
alkyl chain lengths (m > 4) (at 100 °C for 1 week in basic media). (3) For
C¢H33(CH3),N"(C{H,)N"(CH;),C ¢H13, corresponding obtained mesostructures were
varied from lamellar to hexagonal (p6m), cubic (Ia_;wl) with the increase in spacer lengths
(at 100 °C for 1 day in basic media). These results reveal that the use of the packing
parameter of surfactant molecules is intensely available for the interpretation of obtained
mesostructures.

However, this theory is not always useful for the decision of mesostructures. The
mesostructures can be changed by varying the synthetic conditions such as reaction

10

temperature, reaction time and pH of the starting mixtures.” Also, materials with

different mesostructures can be prepared even when the same surfactants are used.>>"!°
Although the description of mesostructures using the packing parameter is above all
reliable for low temperature synthesis in acidic media because of weak interaction
between inorganic and surfactant phases, inorganic-surfactant mesostructures must be

considered not only the packing parameter but also the charge balance between inorganic

and organic phases as described later.

1.3.3 Charge balance between inorganic and surfactant phases

For aluminosilicate and pure-silica zeolites, the frameworks are composed SiO, and
AlO, units with complete condensation. However, SiO, units with both O* (SiO
Si—~0-Si) and Q* (SiO  Si—O") environments are present in C,TMA-silicate mesophases
because the charge balance between anionic silicate species and cationic surfactants must

be satisfied on the whole. Therefore, cationic C,TMA surfactants can be present in the
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mesophase up to the amount of SiO,4 units with Q° environment in the silicate framework.
Moreover, Chen et al. have suggested that complete condensation of the silicate species is
impossible because the presence of SiO™ species are necessary for charge compensation of
the occluded alkylammonium ions.*’

Based on ??Si MAS NMR results for mesophase silicates with various structures,*’
the Q*/Q* ratios of lamellar, hexagonal and cubic (Pm 3 n) mesophase silicates are 1.4, 1.1
and 1.1, respectively. Therefore, the control of condensation of silicate species
possibly leads to the mesostructures design. The charge of silicate frameworks of
inorganic-surfactant mesophases can be easily changed by wvariation in synthetic
conditions such as surfactant/Si ratio of starting gel, reaction temperature, reaction time,
pH of starting gel, pH adjustment of resultants, and so on. The variation in the change
density leads to the structural change of obtained mesophases.

Monnier et al. have showed the phase transformation of hexagonal into lamellar

mesophases by hydrothBrsing such hydrothermal post-treatment.!%*¢3?

During the
observations, condensation of silicate frameworks is developed and therefore the charge
of the silicate frameworks decreases by the hydrothermal post-treatment. Fyfe et al
reported the phase transition from a layered complex, which was composed of double-
four-ring silicates SigO;s° and C;sTMA cations, to cubic (Ia.’_’ad), to lamellar and to

hexagonal (p6m) mesophase silicates in tune by acid-treatment. ¢

In this phase
transformation, the Q*/Q* ratios of the products decreases, therefore the charge of silicate
frameworks also decreases. In addition, the post-treatment and/or the variation in both
reaction temperature and time also lead to restructuring of mesophase silicates.****
During the reactions, d;q values of obtained products increased with the post-treatment
or with higher reaction temperature and longer reaction time. It is necessary for the
extension of dj(, values that the silicate frameworks decompose, rearrange and re-bond.
From the viewpoint of the charge balance, it can be interpreted the formation of

mesoporous or microporous silicas reported by Mobil researchers.” The MCM-41

materials were obtained at 100 °C and the crystallinity improved with increasing
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surfactant chain length used. At higher temperature (150 °C) the C;4 and C;4 systems

formed well-defined hexagonal structures. At 200 °C, MCM-41 type products were

not obtained even for longer alkyl chain surfactant systems. It is quite important for the
formation of M CM -type materials to form and/or to stabilize surfactant micelles. As

results, condensation of silicate species is suppressed at lower temperature and complete

condensation of silicate species occurs at higher temperature. After the complete

condensation, silicate frameworks hardly have anionic charge and then it is not possible to
make an interaction between C, TMA cations and silicate framework.

From the facts mentioned above, the charge balance between inorganic and surfactant
phases is also important for the synthesis of inorganic-surfactant mesostructured
materials. That is, both the packing parameter of surfactant molecules and the charge
balance on the whole is needed for the mesostructured design. To understand these two
factors for the synthesis of mesostructured materials is quite important for the

preparation of mesostructured materials.
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O, TMA micells
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Figurel-2. Possible mechanistic pathways for the formation of MCM-41: (1) liquid-

crystal phase initiated and (2) silicate anion initiated.’
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Precursor solutions

Micelles and isolated cationic Inorganic silicate anions
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Figurel-4. Schematic diagram of the cooperative organization of silicate-surfactant
mesophases. (A) Organic and inorganic precursor solutions. (B) Immediately after the
two precursor solutions are mixed. (C) Multidentate interactions of oligomeric silicate

units with the surfactant molucules.*?
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1.4 Mesoporous silica derived from layered polysilicate

Before the discovery of mesoporous silica derived from kanemite, there are some
porous materials derived from minerals. These materials are so-called pillared-layered
sstructures (PLS). However, because of the pore sizes of these materials limited in the
region of micropore, the application to relatively large molecule is difficult.
Mesoporous silica derived from kanemite, such as FSM-16, KSW-1, and KSW-2, are

synthesized by using 8Na,Si,Os as a starting material.***

Generally, ordered
mesoporous silicas are synthesized with soluble silica source. However, the difference
of silica source effects on resulting mesoporous silica. In situ time-resolved energy-
dispersive XRD was used by O’Brien et al. to investigate the formation of the
mesoporous silicates FSM-16 and MCM-41.*  Both materials display a similar
arrangement of hexagonal mesopores. They differ in the nature of the silica source used
for their synthesis, the former being prepared from the layered polysilicate kanemite. The
results indicate that the as-synthesized FSM-16 forms from a medium containing a
number of intercalated silicate phases; whereas, under the experimental conditions used,
no ordered silicate-surfactant phases can be detected during the formation of the MCM -
41 phase. This study supports the proposal that the FSM-16 hexagonal phase is derived
from the kanemite sheets. The advantage of using kanemite in the synthesis of
mesoporous silica is that structural unit of kanemite sheet remains to some extent.*’
Mesostructures, which are formed through the cooperative organization in the
inorganic-surfactant systems, have often been explained by the geometrical packing of
surfactant molecules because monomeric and/or oligomeric soluble precursors are mainly
used as inorganic sources. The surfactant molecules themselves are uniformly
assembled in aqueous solutions depending on the conditions including the geometrical
packing of surfactant molecules, while the presence of inorganic species attached to the
hydrophilic head groups plays an important role in the mesostructural variation. The

geometrical packing of surfactant molecules containing attached inorganic species should
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be considered because the charge density of inorganic frameworks is changed by
condensation which results in the variation in the amount of accommodated surfactant
molecules in the mesostructured materials. However, the mesostructures of ordered
mesoporous silicas derived from a layered polysilicate kanemite (FSM-16 and KSW-2)
cannot be explained in the same manner because kanemite has two-dimensionally
connected silicate networks. The formation of FSM-16 and KSW-2 is much
complicated than those of other ordered mesoporous silicas (MCM-41, SBA-15, etc.).

Being different from intercalation compounds, kanemite is an attractive layered material
applicable for the synthesis of ordered mesoporous silicas. The individual silicate
sheets in kanemite are composed of only tetrahedral SiO4 unit. By the presence of
two-dimensionally connected silicate networks, ordered mesoporous silicas with three-
dimensionally connected mesopores that are observed for MCM -48, SBA-1, and SBA-2
have never been synthesized in the surfactant-kanemite systems. The formation of
disordered (KSW-1) and 2-d hexagonal mesoporous silica (FSM-16) by direct reaction of
kanemite with alkyltrimethy lammonium (C,TM A) surfactants has been well recognized.
The formation of an orthorhombic mesostructure (KSW-2) is understood on the basis of
both the geometrical packing of C;TMA and the interactions of the cationic head groups
with the silicate sheets. The assemblies of C;sTMA molecules within semi-squared
spaces cannot simply be explained by using the geometrical packing. The semi-squared
arrangements have never been found among the mesostructured materials reported so far.
All the mesostructures are governed by the geometrical packing of surfactant molecules
used. The orthorhombic mesostructure is formed through the bending of the individual
silicate sheets that are not so flexible as monomeric and/or oligomeric silica species.
Thus, the surface curvature of the silicate sheets does not match that of C;(TMA
assemblies completely and the C;(TM A molecules are encapsulated within the semi-
squared spaces because of the interactions of the cationic head groups of the C;(TMA

molecules with the silicate sheets.
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1.5 The Aim of the Thesis

There have been a great deal of researches on some kinds of mesostructured and
mesoporous silicas since the discovery of ordered mesoporous silicas prepared using
organic assemblies. Silica-based mesostructured and mesoporous materials can be fully
discussed by using several factors such as formation mechanisms, the interaction of
inorganic/surfactant interfaces, the packing parameter of surfactant molecules, the charge
balance between inorganic and surfactant phases on the whole, and so on, though

There have been many reports on the uses of ordered mesoporous silicas for
catalysts, catalysts supports and adsorbents. However, mesoporous silicas have a few
problems against such applications. First, the silicate frameworks are amorphous, and
then strong acid sites as well as those in zeolites are not present. Second, pore diameters
caused by removal of organic aggregates are too large to handle fine chemicals and their
intermediates effectively. It is necessary for resolving these problems to prepare novel
mesoporous materials to attempt to synthesize mesoporous silicas with crystalline
silicate frameworks by a designed synthetic strategy, such as using crystallinity in
starting layered silicate.

In this thesis, the following studies have been conducted from the view point of
novel mesostructured and mesoporous materials synthesis using surfactant assemblies
based on the above background.

In order to understand the surfactant-kanemite systems to produce mesostructured
materials, the reactions of kanemite with various cationic surfactants that are assembled
with larger surface curvatures is carried out. In addition, despite the interesting
structural and synthetic aspects, studies on the effect of the alkyl chain length of
CnTMA upon the formation of KSW-2 have not been conducted yet. The length of the
alkyl chain should affect the bending of the silicate sheets because of the differences in the
packing parameters and the resultant curvature. Therefore, the influence of the alkyl

chain length of CnTM A on the formation of the precursor to KSW-2 and the possibility
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of the pore width control are investigated.

As mentioned in 1.3, as-synthesized FSM-16 is formed through the fragmentation of
individual silicate sheets in kanemite, while a mesostructured precursor of KSW-2 is
formed through the bending of the individual silicate sheets. In addition, the remaining
structural units originated from kanemite in KSW-2 are very interesting in order to
improve the functions. Thus, the incorporation of Al into the framework of KSW-2 is
carried out to clear how difference in synthetic scheme effects on the physical and
catalytic properties.

In contrast to conventional mesoporous silicas composed of amorphous silica walls,
the mesostructured precursor of KSW-2 possesses the silicate units originated from
kanemite in the wall to some extent. It is interesting that the wall structure of the
precursor is composed of partly intralayer-condensed individual silicate sheets in
kanemite. Nevertheless, the ordering of the wall structure was reduced during
calcination to remove organic fractions. Therefore, a mesostructured precursor of
KSW-2 was directly modified with silylating agents on the presumption that the wall
might have some regularities after the modification.

Synthesis of mesoporous silicas from layered alkyltrimethy lammonium-hydrated
sodium disilicate complexes is carried out. This synthetic route is very available for not
only mesostructures design but also inorganic framework design because of the

differences in the structure of starting material.
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Chapter 2

Silica-Based Mesostructured Materials Induced by Surfactant
Assemblies within the Two-Dimensionally Limited Space of a Layered

Polysilicate Kanemite
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2.1. Introduction

Since the discoveries of ordered mesoporous silicas prepared by using surfactant
molecules,'? the self-assembling ability of surfactants has attracted much attention in
the field of porous materials design.>* Periodic mesoporous materials with various
structures, morphologies, and compositions have been developed up to date.™® These
materials are useful for catalysts, catalyst supports, and adsorbents for relatively larger
molecules, and the potential includes confined reaction vessels and functional materials
for electronics and photonics. Mesostructures, which are formed through the
cooperative organization in the inorganic-surfactant systems,'® have often been explained
by the geometrical packing of surfactant molecules'' because monomeric and/or
oligomeric soluble precursors are mainly used as inorganic sources. The surfactant
molecules themselves are uniformly assembled in aqueous solutions depending on the
conditions including the geometrical packing of surfactant molecules,!' while the presence
of inorganic species attached to the hydrophilic head groups plays an important role in
the mesostructural variation. The geometrical packing of surfactant molecules
containing attached inorganic species should be considered because the charge density of
inorganic frameworks is changed by condensation which results in the variation in the
amount of accommodated surfactant molecules in the mesostructured materials.'
However, the mesostructures of ordered mesoporous silicas derived from a layered
polysilicate kanemite (FSM-16"* and KSW-2'%) cannot be explained in the same manner
because kanemite has two-dimensionally connected silicate networks.'>'®  The
formation of FSM-16 and KSW-2 is much complicated than those of other ordered
mesoporous silicas (MCM-41,%!° SBA-15,"7 etc.). In the present study, kanemite was
allowed to react with aqueous solutions of various cationic surfactants. The obtained
mesostructures, such as lamellar, 2-d hexagonal, and disordered phases, can be explained
by combining both the geometrical packing of surfactants and the interactions of the

cationic head groups of surfactants with silicate sheets, providing the formation of
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surfactant assemblies within the two-dimensionally limited space.

Being different from intercalation compounds,'® kanemite is an attractive layered
material applicable for the synthesis of ordered mesoporous silicas. The individual
silicate sheets in kanemite are composed of only tetrahedral SiO, unit.'”>'® By the
presence of two-dimensionally connected silicate networks, ordered mesoporous silicas
with three-dimensionally connected mesopores that are observed for MCM -48, SBA-1,
and SBA-2 have never been synthesized in the surfactant-kanemite systems.!* The
formation of disordered (KSW-1) and 2-d hexagonal mesoporous silica (FSM-16) by
direct reaction of kanemite with alkyltrimethylammonium (C,TMA) surfactants has been
well recognized."'*2°  Through the investigation on the formation of the mesostructured
precursor for FSM-16 by TEM and in-situ XRD,?!"?* the formation mechanism has
recently been proved by using docosyltrimethylammonium (C;,TMA) or
docosyltriethy lammonium (C,,TEA) surfactant that is likely to be assembled as lamellar
phases.”* The 2-d hexagonal phases are formed by the transformation of the lamellar
intermediates composed of C),TM A or C,,TEA cations and fragmented silicate sheets.
Lamellar surfactant-silicate mesostructured materials can also be obtained from kanemite
by using C;cTMA cations under the appropriate synthetic conditions (C;,TMA/Si >
0.5)." The silicate frameworks are not fragmented, but condensed silicate species are
formed through condensation within the individual silicate sheets (intralayer
condensation) depending on the reaction temperatures. In addition, a layered
CiTM A-kanemite complex retaining the kanemite structure can be converted to a
mesostructured precursor for orthorhombic KSW-2 by mild acid treatment.'* The
orthorhombic mesostructure is formed by the bending of the individual silicate sheets in
kanemite through the gradual leaching of C;(TM A cations with intralayer and interlayer
condensation. Thus, the formation of several mesostructures is possible in the
C, TM A-kanemite systems, and the complicacy is due to the two-dimensional nature of
kanemite.

The formation of an orthorhombic mesostructure (KSW-2) is understood on the
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basis of both the geometrical packing of C;sTMA and the interactions of the cationic head
groups with the silicate sheets.'* The assemblies of C;TM A molecules within semi-
squared spaces cannot simply be explained by using the geometrical packing. The
semi-squared arrangements have never been found among the mesostructured materials
reported so far. All the mesostructures are governed by the geometrical packing of
surfactant molecules used.'! The orthorhombic mesostructure is formed through the
bending of the individual silicate sheets that are not so flexible as monomeric and/or
oligomeric silica species. Thus, the surface curvature of the silicate sheets does not
match that of C;(TMA assemblies completely and the C;s,TMA molecules are
encapsulated within the semi-squared spaces because of the interactions of the cationic
head groups of the C;TM A molecules with the silicate sheets. Therefore, the present
study on the reactions of kanemite with various cationic surfactants that are assembled
with larger surface curvatures is quite important for further understanding the

surfactant-kanemite systems to produce mesostructured materials.

2.2 Experimental

2.2.1 Materials

In order to synthesize a layered polysilicate kanemite, a high quality water glass
(Si0,/Na,O = 3.32) and sodium hydroxide were obtained from Nissan Kagaku Kogyo Co.
and Kokusan Kagaku Kogyo Co., respectively. Kanemite was prepared by the
dispersion of 8-Na,Si,Os in distilled water. Sodium hydroxide was added to a high
quality water glass as to be the Na/Si ratio of 1.0 and the aqueous solution was stirred at
room temperature over night. The solution was dried and heated at 750 °C for 1 h in
ambient air.  After cooling, a calcined solid was obtained and milled, forming 8-Na,Si,O5

powders. One gof 8-Na,Si,Os powder was dispersed in 50 ml of distilled water and the
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suspension was stirred at room temperature for 30 min. The resultant product
(kanemite, NaHS1,05 « 3H,0) was centrifuged and air-dried. ~ Alkyltrimethylammonium
bromides (C,H,,+1(CH3);NBr, C,TM ABr, n = 12-18) were obtained from Tokyo Kasei
Kogyo Co. and used without purification. Docosyltrimethylammonium bromide
(C;xTM ABr) was prepared by the reaction of 1-bromodocosane with trimethy lamine in
ethanol at 80 °C.> The resultant was purified by recrystallization in a mixed solvent of
chloroform and methy| acetate and the purity of the bromide was checked by 'H and '*C
NMR and CHN analysis. Alkyltriethylammonium bromides (C,H,,:(C,Hs);NBr,
C,TEABr, n = 14-22) were synthesized in the similar manner; the reactions of 1-
bromoalkanes with triethylamine were conducted.””> Gemini type diammonium
surfactants, such as C16H33(CH;),NBrC;H¢NBr(CH3)s,
Ci6H33(CH3),NBrC;HgNBr(CH3),Cy6Hss and Cy6Hs3(CH;3),NBrCsH (NBr(CH;),Ci6Hss
(hereinafter denoted by Ci4.3.1, Cis.3.16 and Cig.5.16, respectively) were prepared
according to the literature.’® These surfactants were synthesized by the reactions of 1-
bromohexadecane ~ with 3-bromopropyltrimethylammonium  bromide, 1,3-
dibromopropane and 1,5-dibromopentane, respectively, and then purified by

recrystallization in chloroform/methyl acetate.

2.2.2 Reactions of a Layered Polysilicate Kanemite with Various Surfactants

All the reactions were performed at 70 °C for 3 h. The reactions of kanemite with
monovalent ammonium surfactants (C,TMABr , C,TEABr) were conducted according to

1319 Where the N/Si molar ratio was 0.2,"* 1 g of kanemite was

the previous papers.
added to 20 mL of 0.1 M C,TMABr (n = 12-18, 22) or 0.1 M C,TEABr (n = 14-22).
After the resultants were separated by centrifugation, the products were dispersed in 20
mL of distilled water. The pH values of the suspensions were adjusted to 8.5 by the
addition of 2N HCI.  After the stirring at 70 °C for 3 h, the as-synthesized materials were

dried at 60 °C and calcined at 550 °C for 6 h. Where the N/Si molar ratio was 2.0,'" 1 g of
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kanemite was added to 200 mL of aqueous solutions of the surfactants. After the
reactions, the products were centrifuged and air-dried.

The reaction conditions of kanemite with divalent ammonium surfactants (Ci.3.1,
Ci6.3-16) Cie.5.16), wWere selected on the basis of the solubility of the divalent ammonium
surfactants. The reaction of kanemite with C4.5.; was performed by using the same
method of the C,TM ABr- and C, TEABr-kanemite systems. In the C;¢3.;6-kanemite
system, 1 gof kanemite was added to an aqueous solution of 0.08 M Ci4.3.16 (N/Si= 0.32).
In the C4.5.16-kanemite system, 1 g of kanemite was added to an aqueous solution of 0.05
M Cig.5.16¢ (N/Si = 0.2). In addition, acid-treatment of lamellar phases obtained by the
reactions with Ci¢.3.1¢ and Ci4.5.16 Was conducted by the addition of 2N HCI; the pH

values of the suspensions were adjusted to 8.5 and the stirring was kept at 70 °C for 3 h.

2.2.3 Characterization

Powder XRD patterns were obtained by using a Mac Science MO03XHF?
diffractometer with monochromated Fe Ka radiation. TEM images were taken by using
a JEOL JEM-100CX, accelerated at 100 kV. Solid-state ??Si MAS NMR measurements
were performed on a JEOL JNM CMX-400 spectrometer at a spinning rate of 3 kHz and
a resonance frequency of 79.30 MHz with a 45° pulse length of 4.1 ms and a recycle time
of 100 s. The chemical shift was expressed with respect to tetramethylsilane.
Intensity ratios of the signals were deconvoluted by using a MacFID software.
Conformation of the alkyl chains in surfactant molecules was examined by FT-IR and "*C
CP/MAS NMR measurements. FT-IR spectra were recorded by using a Perkin Elmer
Spectrum One. Solid-state *C CP/MAS NMR measurements were performed on a
JEOL JNM CMX-400 spectrometer at a spinning rate of 3 kHz and a resonance
frequency of 79.30 MHz with a pulse length of 4.1 ms and a recycle time of 5 s.
Morphological variation of kanemite was checked by scanning electron microscopy

(SEM) (JEOL JSM-T220A). Nitrogen adsorption isotherms of calcined samples were
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obtained by using a BELSORP 28 apparatus (Bel Japan, Inc.) at 77 K. The samples
were heated at 120 °C for 3 h to a residual pressure of 1.3 Pa prior to the measurement.
Specific surface areas were determined by BET method using the data before Kelvin
condensation and pore size distributions were calculated by BJH method using

adsorption branches.

2.3 Results and Discussion

2.3.1 Reactions with Alkyltrimethylammonium Surfactants

The XRD patterns of calcined materials prepared by using C,TM ABr (n = 12-18),
where the preparation was followed by the typical synthesis procedure of FSM-16
derived from kanemite'® (N/Si = 0.2), are shown in Figure 2-1(a)-(d). Four diffraction
peaks assignable to 2-d hexagonal phases (space group; p6mm) are distinctly observed in
low scattering angles. The d}y-spacings of the calcined materials are linearly increased
with the increase in the alkyl chain lengths of the C,TMA surfactants used (C;,TMA; 2.9
nm, Ci;,TMA; 3.2 nm, C;(,TMA; 3.5 nm, C;sTMA; 3.9 nm). All the N, adsorption
isotherms of the calcined materials showed type IV behaviors characteristic of ordered

mesoporous silicas.>!?

The BET surface areas, the pore volumes, and the average pore
sizes (r) are shown in Table 2-1. The unit cell parameters (a,) and the wall thicknesses
(w) of the mesoporous silicas were calculated by the equations of ag = 2/N3  djgp and w =
a, - r, respectively; the wall thickness is almost constant (Table 2-1).

The d,gp-spacing of the calcined material prepared by using C,,TMABr was 4.4 nm,
being in agreement with the aforementioned relation between the dq-spacing of the
FSM-type mesoporous silicas and the alkyl chain length of the C,TMA surfactants
used.’* However, the use of C,,TM A cations for the synthesis of FSM-16 led to the

broadening of the XRD peaks (Figure 2-1(e)). Even in the synthesis of 2-d hexagonal
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MCM -41, lamellar M CM -50-type silicas are formed by using C,TM A surfactants with
longer alkyl chains such as C,)TMA and C,,TMA cations.'? Although the use of
C»,TMA cations is not advantageous for the synthesis of MCM-41, MCM-41-type
mesoporous materials can be obtained under optimal synthetic conditions.?’*

The XRD patterns of the as-synthesized materials prepared by using C,TMABr (n
= 12-18, 22) under the typical synthetic conditions for the synthesis of layered
C,6TM A-silicate complexes derived from kanemite'® (N/Si = 2.0) are shown in Figure 2-
2(a)-(e). As shown in the figure, the main peaks assignable to (001) and the higher order
diffractions are observed for the as-synthesized materials prepared by using C;(TMABT,
Cis TMABTr, and C,, TMABr (C;s,TMA; 3.2 nm, C;sTMA; 3.4 nm, C,,TMA; 3.5 nm).
However, in the cases of C;;TMABr and C;,TMABr, broad peaks were collected in low
scattering angles and the d-spacings (C;4,TMA; 3.4 nm, C;sTMA; 3.7 nm) were larger
than those observed for the layered C,TM A-silicates (n = 16, 18, 22) in spite of their
shorter alkyl chains. The solubilities of C;,TM ABr and C;,TM ABr are higher than
those of C,TMABr (n =16, 18, 22). In addition, the reactivity of layered materials with
surfactant molecules with shorter alkyl chains is lower. Then, the amounts of
introduced C;,TMA and C;,TMA cations between the silicate sheets of kanemite are not
enough to be assembled as lamellar phases, meaning that the C;;,TMA- and C;,TMA-

silicates are not layered materials.

2.3.2 Reactions with Alkyltriethylammonium Surfactants

The XRD patterns of calcined materials prepared by using C,TEABr (n = 14-20)
where the N/Si molar ratios were 0.2 are shown in Figure 2-3(a)-(d). Being different
from the C,TM A-kanemite system, disordered phases were obtained. However, the
XRD pattern of the calcined material prepared by using C,,TEABr showed a successful
formation of a 2-d hexagonal phase (Figure 2-3(e)), as reported by us recently.”* The

TEM image of the calcined material revealed the presence of ordered hexagonal
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arrangements of mesopores (Figure 2-5) and the N, adsorption data showed that the
material has high surface area, pore volume, and large pore size (Table 2-1).

The formation processes of the 2-d hexagonal mesoporous silica obtained from the
C,,TEA-kanemite system were investigated by XRD and Si MASNMR. During the
synthesis of the mesoporous silica, samples were recovered before and after the pH
adjustment at 8.5. The XRD pattern of the sample before the pH adjustment showed
that a peak at the d-spacing of 4.3 nm and only the higher order diffractions were
observed, suggesting that a layered C,,TEA-silicate can be synthesized by the reaction of
kanemite with C,, TEABr (before pH adjustment).”*  Surfactant molecules with longer
alkyl chains are likely to be assembled as lamellar phases because of their geometrical
packings.!" The XRD pattern of the sample after the pH adjustment showed the
appearance of four diffraction peaks assignable to a 2-d hexagonal phase accompanied
with a slight amount of the remaining layered phase. During the acid treatment (the pH
adjustment), the C,,TEA cations were partly removed out of the interlayer spaces and
the silicate framework of kanemite was condensed further (as described below), meaning
that lamellar assemblies of the C,,TEA cations are changed into rod-like micelles to induce
the 2-d hexagonal phase.

The Si MAS NMR spectra of the samples recovered during the synthesis of the
mesoporous silica are shown in Figure 2-6. Before the pH adjustment (layered
C,,TEA-silicate), Q% ((Si0),Si0,), O ((Si0);Si0), and O* ((Si0),Si) signals were
observed at around -90 ppm, -100 ppm, and -110 ppm, respectively. The *’Si MAS
NMR measurement of the layered C,,TEA-silicate was performed without drying the
layered C,,TEA-silicate. In addition to those peaks, Q° (SiO,) and Q' ((SiO)SiO5)
peaks were detected, indicating the presence of soluble silicate species. The presence of
both O* and O silicate species is the direct evidence on the fragmentation of the
individual silicate sheets of kanemite in the layered C,, TEA-silicate though fragment size
has not been clear. The condensed Q" silicate species are formed by intralayer

condensation and the reaction of the individual silicate sheets with the soluble silicate
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species.'”*  The 0*(0Q*+0%) ratios were increased by pH adjustment (2-d hexagonal
C,,TEA-silicate) and the following calcination. Similar results were obtained in the
C»,TM A-kanemite system. Although the formation mechanism of FSM-16 has been
proposed by TEM and in-situ XRD,?""* the formation mechanism of FSM-type
mesoporous silicas is proved by the results in the present study.

The XRD patterns of as-synthesized materials prepared by using C,TEABr (n =
14-22), where the N/Si molar ratios were 2.0, are shown in Figure 2-4(a)-(¢). The main
peaks assignable to (001) and the higher order reflections are observed for the as-
synthesized materials prepared by using C,)TEABr and C,TEABr (C,,TEA; 3.7 nm,
C»,TEA;3.9 nm). As inthe case of the C,TM A-kanemite system, the XRD patterns
showed that layered C, TEA-silicates cannot be obtained by using C,TEABr with shorter
alkyl chains (n = 14-18) (C\4sTEA; 3.7 nm, C;,TEA; 3.9 nm, C,sTEA; 3.8 nm). The »Si
MASNMR spectra of the layered C,TEA-silicates are shown in Figure 2-7. Both Q°
and 0" silicate species are present in the layered C,TEA-silicates though kanemite is

15,16

composed of only O silicate specie. The Q' silicate species are formed by

intralayer condensation depending on the reaction temperatures.'

2.3.3 Reactions with Gemini Surfactants

The XRD patterns of the as-synthesized materials prepared by usinga gemini type
Ci6.3.1 surfactant (N/Si= 0.2, 2.0) and the calcined materials are shown in Figure 2-8 and 9,
respectively. In both of the cases, the broad peaks at the d-spacings of ca. 4.5 nm were
observed for the as-synthesized materials. In addition to the main peaks, the higher
order diffractions with very weak intensities are collected as shown in the figure. In
spite of the same alkyl chain lengths, the d;qy-spacings of the C,4.5_;-silicates were ca. 4.5
nm, being larger than that observed for 2-d hexagonal C,4TM A-silicate (ca. 4 nm).
Although it is possible to index the peaks to 2-d hexagonal phases, the peaks are

broadened further after calcination. The Ci4.3.; surfactants are assembled spherically,
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being useful for the synthesis of C;¢_3.;-silicate with 3-d hexagonal phase (SBA-2, space
group; P6y/mmm).”> The formation of such spherical assemblies are not conceivable
within the two-dimensionally limited space of kanemite. Because the surface curvature
of the spherical assemblies is higher than that of rod-like micelles composed of C,TM A
molecules, disordered C,4_5.;-silicates are formed in the C¢_;.;-kanemite system.

The XRD patterns of the as-synthesized materials prepared by using other gemini
type Ci6.3.16 and Cy¢.5.1¢ surfactants before and after pH adjustment are shown in Figure
2-10 and 11, respectively. The peaks at the d-spacings of 3.5 nm and the higher order
diffractions are observed in the XRD patterns of Ci¢_3.1¢-silicates recovered before and
after pH adjustment. The Cy4.5.1¢ surfactant has a tendency to be assembled as lamellar
phase or rod-like micelles according to the synthetic conditions, being useful for the
synthesis of C;4.3.;-silicate with lamellar (M CM-50) and 2-d hexagonal phases (M CM -
41, SBA-B).12 Therefore, the formation of the layered Ci¢.5.16-silicate is advantageous
within the limited interlayer space of kanemite. In contrast, in the Ciq4.5.16-kanemite
system, both lamellar (3.5 nm) and 2-d hexagonal phases (3.9 nm) were obtained as mixed
products and the 2-d hexagonal phase (djoo = 4.0 nm, d;o = 2.3 nm, dpoo = 2.0 nm) was
mainly observed after pH adjustment. The result indicates that the layered Ci¢.5.16-
silicate is also transformed into the 2-d hexagonal phase by acid treatment as well as
layered C,,TM A- and Cp,TEA-silicates. The use of Ci4.4.16 and Ci6.4.16 surfactants is
useful for the formation of Ci¢4.16- and Cig.1¢-silicates with 2-d hexagonal phases
(MCM-41, SBA-3) mainly."? By increasing the alkyl chain length between
diammonium groups (spacer) in gemini type surfactants, the C;4.5.16 molecules are

assembled as rod-like micelles in the present case.

2.3.4 Formation of Mesostructured Materials Derived from Kanemite

In the C,TM A-kanemite system, the discussion on the formation of FSM-16 has

started as one of the research topics why the 2-d hexagonal phase with 3-d silicate
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networks is allowed to form from kanemite with 2-d silicate networks. Originally, the
folded sheets mechanism has proposed; rod-like micelles of the C,TM A molecules are
formed with the cooperative bending of the individual silicate sheets of kanemite around
the micelles.'> However, the presence of a layered intermediate during the formation of
the 2-d hexagonal phase was claimed on the basis of in-situ XRD data.”?  Although both
single and double layers of the silicate sheets must be observed by TEM if the 2-d
hexagonal phase is formed through the folded sheets mechanism, such parts have never
been observed and the wall thickness of FSM-16 is almost constant.”> Thus, the
presence of fragmented silicate sheets during the formation of FSM-16 has been
speculated, as was firstly pointed out that the disordered KSW-1 is formed through the
fragmentation of the silicate sheets of kanemite.’ In the present study, a layered
intermediate was successfully recovered and then the presence of fragmented silicate
sheets was proved on the basis of the NMR data.

The schematic formation routes of ordered mesostructured materials derived from
kanemite are shown in Scheme 2-1 on the basis of the present and previous results.'*!%*
The formation of the 2-d hexagonal phase (FSM-16) is explained above. Layered
surfactant-silicates derived from kanemite are unique because the silicate framework
contains condensed and ordered silicate species. The formation of the condensed silicate
species has already been proved;" intralayer condensation occurs within the individual
silicate sheets of kanemite and the degree of the condensation is controllable with the
reaction temperature. A reaction of kanemite with C;(TMA cations at room
temperature leads to the formation of a layered C,,T M A-silicate composed of mainly Q°
silicate species. Mild acid treatment of the layered C,sTM A-silicate with retaining the
kanemite structure induces the mesostructural transformation into an orthorhombic phase
(KSW-2, space group; C2mm) that is truly formed by the bending of the individual
silicate sheets of kanemite.'* The orthorhombic structure can be formed because of the
2-d connecting silicate framework originated from kanemite. In the MCM-type

mesostructured materials, mesostructural transformation is also observed during thermal



Chapter 2 Mesostructured Materials derived from Kanemite 35

and hydrothermal post-treatments.”*

However, various chemical reactions occur;
silicate species are solubilized and bonded again, surfactant molecules are partly degraded,
the derivative organic molecules are solubilized in the remaining surfactant assemblies, and
soon. In contrast, in the C,TM A-kanemite systems, layered C,TM A-silicate phases
are present as key materials during the formation of each mesostructured material. The
silicate frameworks of the layered C,TM A-silicate phases, retaining structural units
originated from kanemite through fragmentation of silicate sheets or intralayer
condensation within individual silicate sheets of kanemite, have already been investigated

in detail'*?*

Consequently, in the present study, the mesostructural transformations
can be simply summarized by using the structural change of the silicate frameworks of

kanemite such as fragmentation, intralayer condensation and bending.

2.3.5 Surfactant Assemblies in the Two-Dimensionally Limited Space

In the synthesis of MCM-type mesoporous silicas, the mesostructures formed
through the cooperative organization have often been explained by the geometrical
packing of the surfactant molecules.'’  The presence of inorganic species attached to the
hydrophilic head groups induces mesostructural variation depending on the synthetic
conditions that reflect the degree of silica condensation. In the surfactant-kanemite
systems, 2-d silicate networks originated from kanemite always affect the formation of
mesostructured materials because of the interactions of the silicate frameworks with
surfactants. The formation of an orthorhombic mesostructure (KSW-2) is a good
example proving that surfactant molecules are not freely assembled in accordance with the
geometrical packing within the limited space.'* The C;¢TM A molecules are allowed to
accommodate in the semi-squared spaces because of the interactions of the cationic head
groups with the silicate sheets.

Here, the formation of disordered phases is also discussed on the basis of both the

geometrical packing of surfactants used and the interactions of the silicate frameworks
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with the surfactants. The formation routes of ordered and disordered materials derived
from kanemite are summarized in Scheme 2-2. Disordered phases are formed by the
reactions of kanemite with C,TEA (n = 14-18) and C;¢_3.; surfactants. Although layered
materials are very important for the formation of ordered phases in the surfactant-
kanemite systems, these surfactant molecules cannot be assembled as lamellar phases."
The C,TEA and C4.5.; surfactants tend to be assembled spherically because of the
geometrical packings. One-directional bending of the silicate sheets is possible for the
formation of ordered mesostructured precursors (KSW-2).!*  However, two-directional
bending of the silicate sheets in order to match the surface curvature between the spherical
surfactant assemblies and the bent silicate sheets is not rational because the spherical
surfactant assemblies cannot be surrounded by the silicate sheets with long range

networks.'>16

Thus, the disordered phases that afford mesoporous silicas are obtained
through the bending of the silicate sheets according to the interactions of the silicate

frameworks with those surfactants.

2.4 Conclusions

Silica-based mesostructures are derived from a layered polysilicate kanemite, and the
formation 1s induced by the reactions with various cationic surfactants with different
geometrical packings. In the surfactant-kanemite systems, several reactions such as the
interactions of cationic surfactants with the silicate sheets, the fragmentation or bending
of the silicate sheets, and the geometrical packing of surfactant molecules are complicated.
However, the formation of ordered (lamellar, 2-d hexagonal, and 2-d orthorhombic) and
disordered mesostructured materials can be simply summarized on the basis of the
presence of layered surfactant-silicate intermediates. The obtained insights are
potentially applicable for simultaneous control of short (framework) and long range

orderings (mesostructure) in mesostructured materials obtained from layered
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polysilicates. Several research groups have challenged the transformation of silicate

30-34 However, the

frameworks of MOCM-41 into crystallized frameworks.
mesostructural orderings of MCM-41 was lost by crystallization though catalytic
performance and hydrothermal stability of MCM-41 were enhanced by post-treatment.
In contrast, silicate frameworks of lamellar mesophase silicates can be successfully
transformed into molecularly ordered inorganic frameworks by hydrothermal post-
treatment.” The molecularly ordered inorganic frameworks are formed depending on
the shapes of head groups in cationic surfactants. Therefore, the sheet-like silicate
framework in KSW-2 constructing semi-squared mesopores is especially attractive to

realize the preparation of mesostructured and mesoporous materials with truly

crystallized silicate frameworks.
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Table 2-1. Characteristics of FSM-type mesoporous silicas by using C,TMABr (n
=12-18) and C,,TEABT.

Surfactant BET surface  Pore volume Average pore size Unit cell Wall thickness
area parameter
/mL g™ (r) / nm (w) / nm
/m* g™ (a,) / nm
C,TMA 650 0.34 2.1 33 1.3
C,TMA 882 0.51 2.3 3.7 1.4
C,TMA 843 0.68 2.8 4.0 1.3
C,;TMA 921 0.72 3.2 4.5 1.3

C,,TEA 823 0.64 3.7 5.1 15
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Figure 2-1. XRD patterns of calcined materials prepared by using (a) C,,TMABT, (b)
C,,TMABr, (¢) C,,TMABr, (d) C,;TMABr, and (¢) C,,TMABr where the N/Si molar

ratios were 0.2.
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Figure 2-2. XRD patterns of as-synthesized materials prepared by using (a) C,,TMABT,
(b) C,,TMABT, (c) C,,TMABT, (d) C,;TMABT, and (¢) C,,TMABr where the N/Si molar

ratios were 2.0.
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Figure 2-3. XRD patterns of calcined materials prepared by using (a) C,, TEABT, (b)
C,,TEABT, (¢) C,;TEABT, (d) C,,TEABr, and (¢) C,,TEABr where the N/Si molar ratios

were 0.2.
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Figure 2-4. XRD patterns of as-synthesized materials prepared by using (a) C,, TEABT,
(b) C,(TEABT, (c) C,;TEABTr, (d) C,,TEABTr, and (¢) C,,TEABr where the N/Si molar

ratios were 2.0.
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Figure 2-5. TEM image of the calcined material prepared by using C,, TEABr where the

N/Si molar ratio was 0.2.
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Figure 2-6. >°Si MAS NMR spectra of the samples obtained during the synthesis of a
2-d hexagonal mesoporous silica by using C,,TEABr; before pH adjustment (a) without
and (b) with drying, (c) after pH adjustment and (d) the calcined material.
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Figure 2-7. *°Si MAS NMR spectra of the as-synthesized materials prepared by using
(a) C,, TEABr, (b) C,,TEABT, (¢) C,;TEABT, (d) C,,TEABT, and (¢) C,,TEABr where the

N/Si molar ratios were 2.0.
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Figure 2-8. XRD patterns of the products obtained during the synthesis of

C,¢_;_—silicates where the N/Si molar ratios were (a) 0.2 and (b) 2.0 after pH.
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Figure 2-9. XRD patterns of the calcined products obtained during the synthesis of

C,_5_—silicates where the N/Si molar ratios were (a) 0.2 and (b) 2.0.
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Figure 2-10. XRD patterns of the products obtained during the synthesis of (a), C,; ; |~
(N/S1=0.32) and (b) C,,_,_,—silicates (N/Si 0.2) before pH adjustment.
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Figure 2-11. XRD patterns of the products obtained during the synthesis of (a) C,; ;
(N/S1=0.32) and (b) C,,_,_,—silicates (N/Si 0.2) after pH adjustment.



Chapter 2 Mesostructured Materials derived from Kanemite 53

‘Fragmentation’

CTHMAS =02
 —
Kanemite

ﬁ TG

CTMAS =20

‘Intralayes condensation’

L 3

N
C,TMA 1Si= 20
(Layered compound)

‘bemnding of sillcate Shﬂﬂtﬂ:

>
-a»*@ @)

(KSW-2)

‘Intralayer cnndansmiun

Scheme 2-1. Schematic formation routes of ordered mesostructured and mesoporous

materials derived from kanemite.



Chapter 2 Mesostructured Materials derived from Kanemite 54

Possible assemblies Within 2-o Limited space
Fﬁﬁ Lamellar 2-d Hexagonal
Lamellar —_— .:'tllqj R [FEM'1E‘}
g ¢ 2-d Hexaganal B r'@_,
':15_51 16 ) ':m“ﬂhmﬂrlﬂn' Q%‘i“
B L 2dMexagonal gl ey (Fragmentation) T A
'f.,l — (Larmellar) iy AT S =
© um“b":ﬂ?."'b-’
C,,TMA 2
£ 3 Lamellar w(/
c Cubic (la3d) —=—® "1 h1 —
f 2-d Hexagonal 1, n’%}/
(Intralayer : . o
EﬂTEA condansation) I 'm:;:::;im:l - &ﬂﬁi
B Bic (PM3m) | e
e Cubla P ! 2-d Orthorhombic
" \ (KSW-2)
c1!5—:?|—1 b I
_,t"':r!ﬂ" 3.d HI:IﬂgI:lll'lﬂ| ____________ R— . // .......................... = o ’ ﬁ

2 (P fmmmi A v

Disordered phase

Farmation rowte of ordered phasaes
eerns Farrmation route of disordered phases

Scheme 2-2. Schematic formation routes of ordered and disordered materials derived

from kanemite.



Chapter 3

Synthesis of mesoporous silica KSW-2 from kanemite and

alkyltrimethylammonium ions with various alkyl chain lengths



Chapter 3 Synthesis of mesoporous silica KSW-2 with various alkyl chain length 55

3.1 Introduction

Mesoporous materials have attracted keen interests because they exhibit large
surface areas, narrow pore size distributions in mesoporous region, and high pore
volumes.'” They are very useful to the fields, such as catalysts, catalyst supports,
adsorbents, inclusion vessels, optical and electronic devices, and so on, because these
characteristics can not be realized by using zeolites.

Until now there have been many reports on mesoporous materials with very wide
range of compositions and structures.”” Morphological control to films and fibers has
also been reported.*'> However, the structures reported hitherto have been limited by
the geometrical packing of surfactants because the formation of mesostructured
precursors depends on the cooperative organization of inorganic species and
surfactants.'>'*

Recently, Kimura et al. reported the formation of novel mesoporous silica KSW-
2. Mesoporous silica KSW-2 is synthesized by mild acid treatment of a layered

hexadecyltrimethylammonium (C;s,TMA)-kanemite complex.'®

Being different from
hexagonal mesoporous silicas, such as FSM-16'""* and MCM-41*?, KSW-2 has a
rectangular arrangement of square or lozenge one-dimensional channels. The
formation of KSW-2 is totally different from those for silica-based mesostructured
materials reported so far. Layered silicate-surfactant intercalation compounds are
formed from kanemite and the individual silicate sheets of the compounds bend by
intra- and inter-layer condensation upon gradual acid treatment of the intercalation
compounds. Because the square or lozenge shape of mesochannels has not previously
been found, KSW-2 and the mesostructured precursor are very unique and they
stimulate the development of mesoporous materials.

Kanemite, a starting material of KSW-2, is a layered silicate composed of single
sheets which are made up with SiOy tetrahedral units.'"”  The *’Si MAS NMR spectrum
of kanemite shows only one peak attributed to O° environment (O-Si(-O-Si=)s).
Though a part of tetrahedral SiOy units in kanemite sheets are somewhat varied to O*

environment (Si(-O-Si=)4) by the formation of a three-dimensional silicate network, a

substantial amount of O’ species remains unreacted even after the formation of the
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mesostructured precursor. Therefore, the silicate framework has abundant silanol
groups which can be modified by organic groups. Recently I have succeeded in the
silylation of KSW-2 and the precursor by the reaction with alkylchlorosilane.”® The
grafted number of silyl groups varied depending on the size of silylating agent. The
hydrophobic and the stability against water vapor significantly increase. The pore wall
thickness and the width of the pore can be tunable.

More importantly, the mesostructures after acid treatment retain some ordering or
regularities of the polysilicate structure. This should reflect the structure of the
calcined mesoporous silica, which would be related to the structural control of pore
walls of mesoporous silica. Recently there have been some reports on the preparation
of mesoporous silicas with crystalline walls derived from zeolite nanocrystallites.”'
However, KSW-2 is unique mesoporous silica with retaining the structural units of
layered silicates to some extent. This would provide regular arrangement of silanol
groups as well as the homogeneous wall, which is useful for future mesoporous
materials design.

Despite the interesting structural and synthetic aspects, studies on the effect of the
alkyl chain length of CnTMA upon the formation of KSW-2 have not been conducted
yet. Based on the formation mechanism, the length of the alkyl chain should affect the
bending of the silicate sheets because of the differences in the packing parameters and
the resultant curvature. In the present study, therefore, the influence of the alkyl chain
length of CnTMA on the formation of the precursor to KSW-2 and the possibility of the

pore width control were investigated.

3.2 Experimental

3.2.1. Materials

High purity water glass was obtained from Nissan Chemical Co.
Dodecyltrimethylammonium  chloride,  tetradecyltrimethylammonium  chloride,
hexadecyltrimethylammonium chloride, and octadecyltrimethylammonium chloride

were purchased from Tokyo Kasei Co., and used without further purification. Acetic
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acid (Kanto Chemical Co., GP Grade) was used. Sodium hydroxide was obtained

from Kokusan Chemical Co.

3.2.2. Preparation of a Layered Polysilicate Kanemite

An aqueous solution of sodium hydroxide was added to high-quality water glass to
prepare a precursor solution with the Na/Si ratio of 1.0, and the aqueous solution was
stirred at room temperature. The solution was dried and heated at 750 °C for 1 h in air,
which results in the formation of §-Na,Si,0s after cooling. Resulting 8- Na,Si,0s (1 g)
was pulverized and dispersed in 50 mL of distilled water, and the suspension was stirred
at room temperature for 30 min. The product (kanemite, NaHSi,Os3H,0) was

centrifuged and air-dried.

3.2.3. Synthesis of Layered Mesostructured Complexes

Layered CnTMA-kanemite complexes (n = 12, 14, 16, 18) were prepared by
stirring 10 g of kanemite and an aqueous solution of CnTMACI (0.1 M, 2 L) at room
temperature for 3 d, where the CnTMA/Si molar ratio was 2.0. Each reaction mixture
was centrifuged and dispersed in distilled water. A part of the suspension was

centrifuged again and a wet product was air-dried.

3.2.4. Synthesis of Mesoporous Silica KSW-2 Precursor

The resulting layered CnTMA-kanemite complexes dispersed in water, as
described above, were acid-treated. The pH values of the suspension were adjusted to
the desired values (9.0 — 4.0) by the addition of 1 M acetic acid. The as-synthesized
mesostructured precursors were air-dried and calcined at 550 °C at a heating rate of 5 °C

min”' in ambient air for 6 h to remove organic fractions.

3.2.5. Characterization

Powder X-ray diffraction (XRD) patterns were obtained by using a Mac Science

MO3XHF* diffractometer with monochromated Fe Ka radiation. IR spectra were
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recorded on a Perkin-Elmer FT-IR Spectrum One spectrometer by KBr and Nujol
techniques after a sample was dehydrated at 120 °C. Nitrogen adsorption isotherms
were obtained by using a BELSORP 28 (Bel Japan, Inc.) at 77 K. Samples were
heated at 120 °C for 3 h to a residual pressure of 1.3 Pa (107 Torr) prior to these
adsorption measurements. Specific surface areas were determined by a BET method
using the data before Kelvin condensation. Because the shape of the mesopores is
almost rectangular (semi-squared), the width of the pore was determined by the
equation of 4V/S, where V is pore volume and S is inner surface area, which is the most
reliable estimation of the pore size in this case. Inner surface area was calculated by
the subtraction of outer surface area by z-plot method from total BET surface area.
Solid-state *’Si MAS NMR measurements were performed on a JEOL CMX-400
spectrometer at a spinning rate of 5 kHz and a resonance frequency of 79.30 MHz with
a 45 ° pulse length of 4.1 ms and a recycle time of 100 s. This recycle time has been
proven to be long enough to permit complete relaxation of the Si nucleus.
Consequently, the intensities of the signals are reliable and valid. The chemical shift
was expressed with respect to tetramethylsilane. Integration of the signals in the *’Si

spectra was achieved by deconvoluting the peaks using a MacFID simulation program.

3.3 Results and Discussion

3.3.1 Products in the system of C;sTMA

The XRD patterns of C;sTMA-kanemite and the acid-treated products are shown
in Figure 3-1a. The peak at the basal spacing of 3.1 nm and the peaks of higher order
diffractions were observed for the sample before the acid treatment, indicating that
CisTMA-kanemite has a layered structure. The arrangements of the alkyl chains in
CisTMA-kanemite were examined by IR spectroscopy. The IR spectra are shown in
Figure 3-2. The absorption bands due to methylene modes ( V 5 and v { CH,) appeared
at 2919 and 2850 cm™.  This result indicates that the arrangement of the alkyl chains in

the layered complex almost takes a all-trans conformation.*
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When the pH value of the suspension was lowered, the peak intensities in the
XRD patterns of the acid-treated products decreased a little and the peaks were
gradually shifted to lower angles with the acid treatment. However, the patterns were
almost similar to that of starting C;sTMA-kanemite, though the basal spacing was
increased to 3.4 nm when the pH value was lowered to 5.0. After calcination of the
product acid-treated at pH 5.0 showed no characteristic peaks in the XRD pattern,
showing the collapse of the structure. These results suggest that the change to a three
dimensional structure did not occur during the acid treatment. Very interestingly, the
peak (d-spacing = 0.37 nm) attributed to the diffraction due to (002) plane of the
original silicate framework of kanemite was observed for the acid treated samples as
well as CisTMA-kanemite, and the higher order peaks at 0.18 nm and 0.12 nm were
also detected.

After the acid treatment, the IR absorption bands due to methylene modes were
shifted slightly to higher frequencies, indicating that the arrangements of the alkyl
chains changed into a little disordered states. The variations in the amount of C;sTMA
over Si and the 0*/(Q’+Q") ratios during the acid treatment are shown in Figures 3-3
and 4, respectively. The molar ratio of C;sTMA/Si was 0.31 before the acid treatment
and lowered down to 0.25 at pH 5.0. The 0"/ (0*+Q") ratio was 0.03 before the acid
treatment and it was almost constant until pH 7.0. The ratio increased to 0.10 at pH
6.0 and 0.23 at pH 5.0. This increase seems to be attributed to intralayer condensation
of silicate sheets in C;sTMA-kanemite complex because the layered structure was

retained after the acid treatment.

3.3.2.  Products in the systems of C;sTMA and Cs,TMA

The XRD pattern of C;sTMA-kanemite was similar to that of C;sTMA-kanemite
(Figure 3-1b), suggesting that C;¢TMA-kanemite has a layered structure before the acid
treatment. The basal spacing of 2.9 nm and the peaks of higher order diffractions were
also observed. The intensities of the peak due to the layered structure were lowered
and the new peak at the d-spacing of 4.2 nm appeared when the pH value was decreased.
The peaks due to the layered structure totally disappeared at pH 6.0 and the other peaks

were assigned to an orthorhombic structure, indicating that the mesostructured KSW-2
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precursor was formed, as reported previously.

C14sTMA-kanemite has also a layered structure where the basal spacing was 2.6
nm (Figure 3-1c). Being similar to C;sTMA-kanemite, a new peak at the d-spacing of
3.6 nm appeared as the pH value was decreased and the mesostructured KSW-2 derived
from C4sTMA was formed at pH 7.0. The peaks at the d-spacings of 0.37 nm, 0.18 nm,
and 0.12 nm were also observed for these samples as well as C;c TMA- and C;4sTMA-
kanemites.

The IR absorption bands due to methylene modes appeared at 2919 and 2850 cm’™'
for both for C;( TMA- and C;4sTMA-kanemites before the acid treatment, indicating that
the arrangements of the alkyl chains in the layered complexes take rather all-trans
conformation, as was found for C;sTMA-kanemite. These two bands in the
mesostructured precursors after the acid treatment were shifted toward higher
frequencies; 2922 and 2852 cm™ for n =16 and 2923 and 2853 cm™ for n =14. This
result is related with the increase of gauche conformers and the disordered state.

With the acid treatment the molar ratio of C;¢TMA/Si decreased slightly and the
Q*(Q*+Q") ratio increased until pH 7.0. Because the structural change was hardly
observed by XRD at pH 8.0, these results suggest that intralayer condensation occurred,
as reported previously. In the range of pH 7.0 - 6.0, the 0" / (Q’+Q") ratio increased
further and the ratio of C;sTMA/Si decreased swiftly, indicating that transformation of
the layered complex into a mesostructured precursor by the interlayer condensation as
well as the progressive intralayer condensation and the partial removal of C;cTMA ions.

Though the structural change occurred at a higher pH value for C;s,TMA than for
CisTMA, C4,TMA-kanemite showed similar tendencies of the variation of the ratios of
C14TMA/Si and 0* / (O*+0Y).

Contraction of the mesostructures occurred during calcination, because all the
diffraction peaks found for the C;sTMA-kanemite acid-treated at pH = 6.0 were shifted
to higher diffraction angles and spacing of 4.2 nm changed to 3.6 nm. The spacing
found for the case of C;4sTMA decreased from 3.6 nm to 3.2 nm. These decreases are
attributed to the loss of the organic surfactants located within the pores and further
condensation of the silicate walls. The degree of the contraction found for C;s TMA
(the difference of the spacing before and after the calcination) was larger (0.6 nm) than

that for C;s,TMA (0.4 nm).  As Figure 3-4 shows, the Q" / (0*+Q") ratios of both of
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the acid-treated products before calcination are almost same (ca. 0.5). Therefore, the
differences between these two systems can not be explained at present. The N,
adsorption isotherms are shown in Figure 3-5. The isotherms showed type IV behavior
typical of mesoporous materials. The BET surface areas, pore volumes, and the widths
of the pore of calcined products are summarized in Table 3-1. All these values for
KSW-2 derived from C1,TMA are smaller than those for KSW-2 derived from C;s TMA,
proving the effect of the alkyl chain length.

3.3.3. Products in the system of C;;TMA

As for C;;TMA-kanemite, a broad peak at d = 3.0 nm appeared (Figure 3-1d).
However, no characteristic peaks due to a layered structure were observed. The Q" /
(Q*+Q% ratio for C;,TMA-kanemite was much larger than those for Ci4, Ci6, and
C,sTMA-kanemite. These results suggest that the condensation of silicate sheets to a
mesostructure occurred even before the acid treatment. The IR bands for C;;TMA-
kanemite appeared at 2924 and 2854 cm™. These bands suggest that the arrangement
of the alkyl chains in C;;TMA-kanemite is similar to those of the acid-treated samples
of C;¢TMA at pH 6.0 and C,4s,TMA at pH 7.0.

The intensity of the peak at d = 3.0 nm was gradually decreased and broadened
upon acid treatment. The decrease in the ratio of C;,TMA/Si and the increase in the Q*
/ (Q’+Q" ratio were less profound than those of the acid-treated C,,TMA, C,,TMA
samples. Even though the patterns were not well resolved, the peaks at the d-spacing
of 0.37 nm, 0.18 nm, and 0.12 nm were also observed for C;;TMA-kanemite and the
acid-treated samples. This indicates that the original silicate framework of kanemite
was still retained to some extent.

After calcination of C;;TMA-kanemite before acid treatment, the peak at d = 3.0
nm did not disappear completely and became very broad. The intensity was
substantially decreased, indicating the substantial disordering of the mesostructure.
The N, adsorption isotherm showed type I behavior typical of microporous materials
and the BET surface area, pore volume, and the width of the pore were much smaller

than those for KSW-2 derived from C;,TMA and C4,TMA (Table 3-1).
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3.3.4. Effects of alkyl chain lengths

The relation between the alkyl chain lengths and d-spacings is shown in Figure 3-6.
Before acid treatment, the alkyl chain length and the d-value exhibited a good linear
correlation from C;4sTMA to C;sTMA and the slope gave an average increment of ca.
0.14 nm per one methylene carbon (CH;). Because the length of one methylene unit in
alkyl chain is 0.127 nm, this value seems to be nearly consistent with a monolayer
arrangement with the chains in an all-trans conformation. On the other hand, another
linear correlation was found among acid treated C,TMA-kanemite samples (n = 14 at
pH 7.0, n =16 at pH 6.0) and original C;;TMA-kanemite complex before acid treatment
and the average increment of ca. 0.28 nm per one methylene carbon. Because the
value exceeds the length of a bilayer arrangement of the surfactants,

In contrast to conventional mesoporous silicas, the present results show that the
formation mechanism of KSW-2 is totally different from those obtained by cooperative
organization with dissolved silica species and organic surfactants. Based on the
mechanism proposed previously, the bending of the silicate sheets is essential for the
formation of the precursor. In fact the use of C;sTMA ions tend to form a lamellar
mesophase because of the curvature of the surfactant assembly, while C;sTMA and
C14TAM ions forms mesostructured precursors. These tendency is due to the two-

dimensionally limited spaces of kanemite.

3.4. Conclusions

KSW-2 is a novel mesoporous silica with semi-squared mesopores and is obtained
by mild acid treatment of layered alkyltrimethylammonium silicate mesostructured
materials in which the silicate is derived from kanemite, a single layered sodium
polysilicate. The effect of the carbon chain length of the alkyltrimethylammonium
cations on the mesostructures was investigated. = Hexadecyl- and tetradecyl-
trimethylammonium exchanged silicate mesophases are successfully converted to the

precursors ~ with ~ higher  ordering, whereas the mesophase  with
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octadecyltrimethylammonium cations exhibit a strong tendency to hold the layered
nature. On the other hand, the mesophase containing dodecyltrimethylammonium
cations tends to be converted to less ordered three dimensional structure at relatively
higher pH region. The width of the semi-squared pore of KSW-2 derived from
hexadecyltrimethylammonium cations is larger than that from tetradecyltrimethyl-
ammonium cations. The structure of the mesophase containing C;sTMA cations
collapsed after the heat treatment at 550 °C for 6 h. The mesophase derived from
Ci12TMA cations was calcined under the same conditions and the product was porous

with a very disordered structure.
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Table 3-1. The BET surface area, pore volume, and pore width of calcined acid-

treated C, TMA-kanemite.

BET surface area Pore volume Pore width

m?g’! cmig! nm
C,,TMA 1210 0.65 2.7
C,TMA 1050 0.42 1.9
C,TMA 690 0.35 1.0 *

* Calculated by 7 - plot method
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Figure 3-1a. XRD patterns of (a) C;sTMA-kanemite, the acid-treated products at (b)

pH 9.0, (¢) pH 8.0, (d) pH 7.0, (e) pH 6.0, and (f) pH 5.0.
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Figure 3-1b. XRD patterns of (a) C;cTMA-kanemite, the acid-treated products at (b)

pH 7.0, (¢) pH 6.6, (d) pH 6.4, (e) pH 6.2, and (f) pH 6.0.
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Figure 3-1c. XRD patterns of (a) C;4sTMA-kanemite, the acid-treated products at (b)

pH 8.0, (¢) pH 7.7, (d) pH 7.0, and (e) pH 6.0.
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Figure 3-1d. XRD patterns of (a) C;,TMA-kanemite, the acid-treated products at (b)

pH 9.0, (¢) pH 8.6, (d) pH 8.0, (e) pH 7.0, and (f) pH 5.0.
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Figure 3-2. IR spectra of (a) C;sTMA-kanemite, (b) C;sTMA-kanemite, (c) CisTMA-

kanemite, and (d) C;;TMA-kanemite.
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Figure 3-3. The variations in the amount of CnTMA during acid-treatment; (a) n = 12

(®), (b)yn=14 (M), (c)n=16 (A), and (d) n = 18 (@).
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Figure 3-4. The variations in the O* / (O° +Q*) ratio during acid-treatment; (a) n = 12

(®), (b)yn=14 (M), (c)n=16 (A), and (d) n = 18 (@).
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Figure 3-5. N, adsorption-desorption isotherms of (a) calcined acid-treated C;,TMA-

kanemite, (b) calcined acid-treated C;4sTMA-kanemite, and (c) calcined acid-treated

Ci16TMA-kanemite.
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Figure 3-6. The variations between d-spacings and the number of alkyl chain length.

Filled circles are CnTMA-kanemite before acid-treatment.



Chapter 4

Synthesis of Al Containing Mesoporous Silica (KSW-2) with Semi-
Squared Channels by Incorporation of Al into the Framework of

Kanemite
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4.1. Introduction

The synthesis of periodic mesoporous silicas by using organic assemblies has
attracted much attention because of their characteristics such as uniform mesopores, high
surface areas, large pore volumes, as well as their potential applications to catalysts,
catalyst supports, adsorbents, inclusion vessels, optical and electronic devices, and so
on.!”  Very many researches on longrange (mesostructure) and short-range
(framework) structural control as well as morphological and compositional control of
mesoporous silicas have been conducted to expand their functions. Recently, Kimure et
al. reported the synthesis of novel mesoporous silica (denoted as KSW-2) by mild acid
treatment of a layered C;,TM A—kanemite complex.*” Being different from FSM-16,"
MCM-41,*° SBA-3 and SBA-15%? with one-dimensional (1-d) ordered mesopores (2-d
hexagonal, p6mm), KSW-2 has an orthorhombic structure (C2mm) with rectangular
arrangements of semi-squared 1-d channels. Depending on the formation mechanism of
KSW-2, the structural units originated from kanemite are retained to some extent in the
silicate framework of KSW-2. Therefore, KSW-2 is quite unique and the synthetic
method shows the simultaneous control of the mesostructure and framework.

Ordered mesoporous silicas are generally not highly acidic because of their
amorphous walls. Nevertheless, the isomorphous substitution of Si with Al and
transition metals is of much interest because it affects the catalytic and adsorptive

properties.'!?

In fact, there are many reports on Al incorporation into mesoporous
silica like MCM-41.""'® 1In the systems of mesoporous silica derived from kanemite,
however, there have been only a few reports on this material though striking differences in
the catalytic properties have been clarified between FSM-16 and MCM-41."7  Inagaki et
al. reported the syntheses of mesoporous aluminosilicates (Al-FSM-16) from Al-

kanemite with tetrahedral AL'®

Kan et al. reported the transformation of layered
aluminosilicates and gallosilicates with the kanemite structure into mesoporous

materials."” Both Al and Ga were four-coordinated in the final forms (Al- and Ga-
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FSM-16). However, there have been few characterization data concerning Al-kanemite.
In this paper, I report the incorporation of Al into the framework of KSW-2. The
present system is totally different from those of the aforementioned Al- and Ga-FSM-16.
As-synthesized FSM-16 is formed through the fragmentation of individual silicate sheets

in kanemite,?-%*

while a mesostructured precursor of KSW-2 is formed through the
bending of the individual silicate sheets.® In addition, the remaining structural units

originated from kanemite in KSW-2 is very interesting in order to improve the functions.

4.2 Experimental

4.2.1 Materials

An aqueous solution of NaOH was added to high-quality water glass (Nissan
Chemical Co.) to adjust the Na/Si ratio (Na,O/SiO, = 1:2). Then, an aqueous solution of
NaAlO, was added to the solution with stirring for 1 h, where the Al/Si ratios were 0.01,
0.03 and 0.05. The starting aqueous solutions were dried and heated for 1 h in air, which
results in the formation of Al containing 6-Na,Si,O5 powders after cooling. The heating
temperature was varied from 750 °C up to 810 °C in order to clarify the effect. Al
containing 0-Na,Si,O5 (1 g) was dispersed in distilled water (50 mL) and stirred for 30
min at room temperature. The products (Al-kanemite) were centrifuged and air-dried at

room temperature.

4.2.2 Synthesis of AI-KSW-2

A layered precursor for AI-KSW-2 was prepared by mixing Al-kanemite and an
aqueous solution of C;(TMACI (0.1 M) at room temperature for 3 days, where the
CisTM A/Si molar ratio was 2.0. The resulting layered precursor was dispersed in 150

ml of distilled water. The pH value of this suspension was decreased down to 5.5 by
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the addition of 1 M acetic acid for 30 min and the pH value was kept for 1 h. The
mesostructured precursor was air-dried and calcined in ambient air at a heating rate of 5 °C

min "' and kept at 550 °C for 6 h to remove organic fractions.

4.2.3 Adsorption of dye molecules on AI-KSW-2

M onovalent cationic dye molecules (methylene blue = M B) were adsorbed on Al-
KSW-2 and siliceous KSW-2. Dried KSW-2 (0.02 g) was dispersed in an acetonitrile
solution (10 ml) containing M B (0.1 mmol). The suspension was stirred for 1 day and
was washed with acetonitrile 5 times. By centrifuging the resultant suspension, solid
samples were separated and air-dried. The adsorbed amounts of MB were calculated by

subtracting the contents in the supernatants from the initial amounts in the solutions.

4.2.4 Characterization

Powder X-ray diffraction (XRD) patterns were collected by using a Mac Science
MO3XHF?* diffractometer with monochromated Fe Ko radiation and a Mac Science
MXP? diffractometer with monochromated Cu Ko radiation. Nitrogen adsorption and
desorption isotherms were obtained by using a BELSORP 28 apparatus (Bel Japan, Inc.)
at 77 K. Samples were heated at 120 °C for 3 h to a residual pressure of 1.3 Pa prior to
the measurements. Specific surface areas were calculated by the BET method using the
data before Kelvin condensation. Because the shape of the mesopores is almost squared,
the width of the pore was determined by the equation of 4V/S, where V' is pore volume
and S is inner surface area, which is the most reliable estimation of the pore size in this
case. Inner surface areas were calculated by the subtraction of outer surface areas by the
tplot method from total BET surface areas. Solid-state ’Al and *°Si MAS NMR
measurements were performed on a JEOL JNM CM X-400 spectrometer at resonance

frequencies of 104.17 MHz (*’Al) and 79.30 MHz (*’Si) with 45° pulse lengths of 4.0 us
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(*’Al) and 4.1 us (*°Si) and recycle times of 5 s (*’Al) and 100 s (*Si). The contents of
Si, Al, and Na were analysed by inductively coupled plasma arc emission spectrometry
(ICP) with a SPS7000A spectrometer (Seiko Instruments Ltd.). Visible absorption
spectra were recorded on a Shimadzu UV-2500PC spectrophotometer. To investigate
the acidic properties, NH;-TPD was measured using a Japan Bel Inc., TPD-AT-1
equipment. After evacuation of the sample at 500 °C for 1h, ammonia was adsorbed at
100 °C, and a water vapor treatment was carried out at 100°C in order to remove
ammonia adsorbed on non-acidic sites (e.g., hydrogen-bonded one). Then the bed was
heated at a rate of 10 °C min™' from 100 °C until all ammonia was desorbed. Desorbed

ammonia was detected by a mass spectrometer (Anelva M-QA 100F).%

4.3 Results and Discussion

4.3.1 Synthesis of Al containing 8-Na,Si,O5s and Al-kanemite

The XRD patterns of Al containing 8-Na,Si,Os with various Al/Si ratios, obtained
by heating in ambient air at 750 °C, are shown in Figure 4-1. Almost all peaks in each

pattern were attributed to 8-Na,Si,Os phase,26

suggesting that the main product is 0-
Na,Si,0s5. However, in addition to those peaks, several peaks assignable to 3-Na,Si,Os
appeared at 14.9, 20.8, 21.5 and 30.1°?7 and the peak intensity gradually increased with
the AV/Si ratios. Figure 4-2 shows the variation of the XRD patterns of Al containing
0-Na,Si,O5 prepared at various heating temperatures, where the Al/Si ratio was 0.03.
All the patterns were mainly assigned to 8-Na,Si,O5 though several peaks assigned to f3-
Na,Si,05 were observed for the samples calcined below 790 °C.  The samples calcined
above 800 °C showed no peaks assigned to -Na,Si,O5 and a few peaks due to the

presence of 0.-Na,Si,Os at 23.1 and 27.0°.2%%°  Therefore, the most appropriate heating

temperature to obtain Al containing 8-Na,Si,Os is around 800 °C. Also, the
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temperature was varied in accordance with the increase of the Al/Si ratio (Al/Si = 0.01;
785 °C, Al/Si=0.05; 810 °C).

The ??’AlMAS NMR spectrum of Al containing §-Na,Si,Os with the Al/Si ratio of
0.03 is shown in Figure 4-3a. A broad signal was observed at 55 ppm without peaks at
around 0 ppm, showing that all Al atoms were four-coordinated and bonded to Si atoms
bridged by oxygen atoms (Al(OSi);(ONa)).

These results about the heating temperature to produce the Al-containing d-
Na,Si,05 phase including the presence and absence of 8- and a.-Na,Si,O5 phases give the
new information on the synthetic conditions of layered sodium disilicates. Higher
heating temperatures are needed to prepare Al containing layered sodium disilicates.

Al-kanemites were easily prepared from the above Al containing 6-Na,Si,O5 with
different Al/Siratios by the dispersion in distilled water. The powder XRD pattern of
Al-kanemite (Al/Si = 0.03) (Figure 4-4) shows a profile characteristic to kanemite.
Other products (Al/Si = 0.01, 0.05) showed similar patterns. The *’Al MAS NMR
spectrum of Al-kanemite (Al/Si = 0.03) (Figure 4-3b) exhibits a profile very similar to
that for Al-containing 8-Na,Si,Os. The 2Si MAS NMR spectrum of Al-kanemite
(Al/Si=0.03) shows a signal at around —97 ppm, showing the presence of characteristic

O’ unit of kanemite. (Figure 4-5)

4.3.2 Conversion of Al-kanemite to AI-KSW-2

The XRD patterns of the products during the synthesis of AI-KSW-2 (Al/Si= 0.03)
are shown in Figure 4-6. In the product obtained by the reaction of Al-kanemite and an
aqueous solution of C;(TMACI (C;,TMA/Si = 2.0), apeak at the d-spacing of 2.9 nm
and the higher order diffractions were observed, indicating the formation of a layered
material. The *Si MAS NMR spectrum of the layered material mainly showed a Q°
peak (OSi(OSi);), meaning that the framework structure of Al-kanemite was retained in

the layered material.
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The XRD pattern was drastically changed by the mild acid treatment of the layered
material, as reported for the siliceous KSW-2 synthesis,® though the peaks became
slightly broader in this case. This broadening of the peaks is attributable to the decrease
in the regularity of the silicate network because of the incorporation of Al. Similar
observations have been reported previously for Al-containing mesoporous silica. '3-6°

The retention of the environment of tetrahedral Al during the synthesis of Al-
KSW-2 was confirmed by >’Al MAS NMR (Figure 4-3c). Being different from the
profiles due to AlO4 units incorporated into the frameworks of crystalline 8-Na,Si,Os
and kanemite, the peak due to tetrahedral Al in KSW-2 was broadened. This variation is
caused by the structural change during the formation of the three-dimensional silicate
network. The *’Si MAS NMR spectrum of Al-KSW-2 (Figure 4-7) showed broader
signals assigned to Q° and O0* (Si(OSi),) units. According to the incorporation Al into
the silicate framework of KSW-2, the O* signal was shifted to lower magnetic fields than
that of siliceous KSW-2.

The N, adsorption isotherm of Al-KSW-2 (0.03) showed a type IV behavior
characteristic of mesoporous materials. (Figure 4-8) The BET surface area, the pore
volume and the pore width of AI-KSW-2 (0.03) were 830 m’g ', 0.38 cm’g ' and 2.7 nm,
respectively. Those values of siliceous KSW-2 were 890 m’g ', 0.43 cm’g ! and 2.8 nm,
respectively. The TEM images of Al-KSW-2 (0.03) showed that semi-squared
mesopores are observed clearly (Figure 4-9) and that the periodic distance of adjacent
pores corresponds to the value from the XRD data (ca. 3.3 nm). These data are in good
agreement with those for siliceous KSW-2. These findings clearly demonstrate the
successful formation of AI-KSW-2.

The Al contents of Al-kanemites were 0.43 and 0.59 mol kg™ for the samples of the
Al/Siratios of 0.03 and 0.05, respectively. The Al content of siliceous KSW-2 was also
checked to be 0.0097 mol kg™!, which is possibly due to impurities in starting water glass.
The ratio of Al/Si for AI-KSW-2 (0.03) was proved to be 0.032, indicating the retention of
the Al content during the synthesis of AI-KSW-2.
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4.3.3 TPD of ammonia

In order to estimate the acidity of the products, NH3;-TPD was conducted. The
NH;-TPD profiles of AI-KSW-2 (0.03) and siliceous KSW-2 are shown in Figure 4-10.
The amounts of acid sites in AI-KSW-2 and KSW-2 are 0.062 and 0.008 mol kg,
respectively. Because the amount of acid sites of KSW-2 is almost identical to the Al
content (0.0097 mol kg'), the acid sites are attributable to the impurities of KSW-2.
Al-KSW-2 exhibits a broad pattern with two peaks at around 250 °C and 400 °C,
suggesting a wide distribution of the acid strength.’® The profile also suggests the
presence of a variety of acid sites with different strengths, though further studies should
be required. The amount of ammonia for AI-KSW-2 is about 7 times larger than that for
KSW-2, indicating that the total amount of acid sites of AI-KSW-2 was increased by the
incorporation of Al, though the amount of acid sites corresponded to only 15 % of the Al
content, meaning that the incorporated Al was not so efficiently utilized. The ICP data
showed that the Na/Si ratio for AI-KSW-2 (0.03) was 0.023 and that the Na/Al ratio was
calculated to be 0.72. Consequently, the reason for the small amount of the acid sites of
the sample can be explained by the presence of sodium cations which counteract the acid
sites. Future work should be necessary to clarify the nature of the acidity of AI-KSW-
2 if sodium cations are appropriately removed without probable degradation of the

mesostructure.

4.3.4 Adsorption property of dye molecules on AI-KSW-2

MB molecules were adsorbed onto both AI-KSW-2 (Al/Si = 0.03) and siliceous
KSW-2. After the adsorption experiments, the N, adsorption data indicated the
decrease of the pore volumes, meaning that the dye molecules were adsorbed on both the

outer and inner surfaces.
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In both of the cases, the visible absorption spectra of MB (Figure 4-11) showed the
peak at 660 nm, indicating that the dye molecules were adsorbed in a monomeric

30,3233 Eyen for siliccous KSW-2, MB molecules were adsorbed because of the

state.
presence of both surface silanol groups which can weakly interact with MB and a small
amount of acid sites due to the impurities. The absorbance of MB for AI-KSW-2
increased with the incorporation of Al compared to that for KSW-2. The adsorbed
amount of MB on AI-KSW-2 (25.9 mmol g') was larger than that on siliceous KSW-2
(6.8 mmol g'). Though the ratio of MB/AI-KSW-2 to MB/KSW-2 was smaller than
that of acid sites/AI-KSW-2 to acid sites/KSW-2, the incorporation of Al surely

contributes to the formation of negatively charged sites on KSW-2.

4.4 Conclusions

Layered sodium disilicate 0-Na,Si,Os containing four-coordinated Al was
successfully prepared by heating treatment at appropriate temperatures, depending on
the Al contents. Al-containing 8-Na,Si,O5 were transformed into Al-kanemite without
the variation of Al coordination. By the reaction of Al-kanemite with C;,TMA, 2-d
orthorhombic mesoporous silica (KSW-2) containing AlO,4 units can be obtained. This
synthetic route was useful for the isomorphous substitution of Al atoms within the
silicate framework of KSW-2. The incorporation of Al affords the acid sites that are
more effective for the adsorption of cationic dyes than siliceous KSW-2. This study
reveals that the incorporation of other metal oxides into starting layered silicates is
feasible for realizing the compositional variation of ordered mesoporous silicas derived
from layered silicates, which would be applicable to various catalytic and adsorptive

reactions.
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Figure 4-1. XRD patterns of (a) 0-Na,Si,O5 and Al containing 8-Na,Si,Os with
various Al/Siratios: (b) Al/Si =0.01, (c) Al/Si= 0.03, and (d) AI/Si = 0.05. The peaks

with asterisks are assigned to 3-Na,Si,Os.
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Figure 4-2. XRD patterns of (a) 6-Na,Si,O5 and Al containing 6-Na,Si,O5 with the

Al/Siratio of 0.03 at various calcination temperature: (b) 780 °C, (c) 790 °C, (d) 800 °C
and (e) 810 °C. The peaks with asterisks and filled circles are assigned to -Na,Si,Os

and a.-Na,Si,Os, respectively.
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Figure 4-3. ?’A1 MAS NMR spectra of (a) Al containing 8-Na,Si,Os, (b) Al-kanemite
with the Al/Si ratio of 0.03, and (c¢) AI-KSW-2.
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Figure 4-4. XRD patterns of (a) kanemite and (b) Al-kanemite (Al/Si = 0.03). The

peaks with asterisks are assigned to Si standard.
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Figure 4-5.

2Si MAS NMR spectra of (a) kanemite and (b) Al-kanemite (Al/Si =
0.03).
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Figure 4-6. XRD patterns of (a) Al containing layered precursor, (b) mesostructured

AI-KSW-2 precursor, and (c) AI-FKSW-2.
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Figure 4-7. ?Si MAS NMR spectra of (a) KSW-2 and (b) AI-FKSW-2.
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Figure 4-8. N, adsorption isotherm of AI-KSW-2 (0.03).
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Figure 4-9. TEM images of AI-KSW-2 (0.03).
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Figure 4-10. Variation of the NH;-TPD profiles of (a) KSW-2 and (b) AI-KSW-2
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Figure 4-11. Visible absorption spectra of MB on (a) KSW-2 and (b) AI-KSW-2.
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Direct Silylation of a Mesostructured Precursor for Novel Mesoporous
Silica KSW-2
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5.1. Introduction

Much attention has been paid for the synthesis of ordered mesoporous silicas with
high surface areas as well as their applications to catalysts, catalyst supports, adsorbents,

inclusion vessels, optical and electronic devices, and so on.'

Various morphologies of
mesoporous silica, such as fibers, films, and spheres, have been extensively studied
because of their scientific and technological importance.

Recently, Kimure et al. reported the formation of novel mesoporous silica (denoted
as KSW-2) by mild acid treatment of a layered aklyltrimethylammonium
(C,TM A)-kanemite complex.®’ Being different from hexagonal mesoporous silica
(FSM-16) derived from kanemite,>> KSW-2 has an orthorhombic structure with
rectangular arrangements of semi-squared one—dimensional channels which have not been
found previously because the shapes of all the other ordered mesopores have been
governed by those of organic assemblies as structure directing agents.®’ Therefore,
KSW-2 is quite unique and has stimulated the development of ordered mesoporous
materials. The mesostructured precursor of KSW-2 is formed through the bending of
individual silicate sheets of kanemite.® Kanemite is a layered silicate composed of single
sheets which are made up with SiO, tetrahedral units.!° Consequently, the structural
unit of the silicate sheet in kanemite is retained in the precursor to some extent though the
regularity is reduced after calcination.®

One of the most important features of mesoporous silica is the presence of silanol
groups (Si—OH) on the inner surfaces and the Si-OH groups can be modified in various
ways. Ordered mesoporous silica has been organically modified by grafting, coating,
and co-condensation methods.!" Among them, grafting by post treatment with reactive
reagents is used most frequently. Typical reactions include silylation'>"* (Eq. (1)),
esterification'* with alcohols (Eq. (2)), and functionalization with Grignard reagents'> (Eq.
3):

=Si—OH + R3Si—Cl — =Si—O-SiR; + HCl (1)



Chapter 5  Silylated Mesoporous Silica KSW-2 97

=Si-OH + R-OH — =Si-O-R + H,0 2)
=Si-OH + R-OH — =Si-O-R, =Si-O-R+RMgX — =Si-R(3)

Consequently, the material systems can be extended to a wide variety of organic-
silicate mesostructured materials.'® Organic modification of ordered mesoporous silica
is very effective to control pore size, and it improves the mechanical strength and tailors

5,12,13,17-23

the surface functionality. Trimethylsilylation of ordered mesoporous silica

has been reported since the beginning of the researches on ordered mesoporous

5,12

materials. Recent advances include the removal of toxic heavy metal ions, polymer

syntheses in a confined space, optical resolution of racemic mixtures, and immobilization
of biological molecules.'"**

In contrast to conventional mesoporous silicas composed of amorphous silica walls,
the mesostructured precursor of KSW-2 possesses the silicate units originated from
kanemite in the wall to some extent.® It is interesting that the wall structure of the
precursor is composed of partly intralayer-condensed individual silicate sheets in
kanemite.® Nevertheless, the ordering of the wall structure was reduced during
calcination to remove organic fractions. Therefore, in this study, a mesostructured
precursor of KSW-2 was directly modified with silylating agents on the presumption that

the wall might have some regularities after the modification. KSW-2 was also silylated

for comparison and the adsorption characteristics of these materials are presented.

5.2 Experimental

5.2.1 Materials

An aqueous solution of NaOH was added to high-quality water glass to prepare a
solution with the Na/Si ratio of 1.0.° The solution was dried and heated at 750 °C for 1 h
in air, which results in the formation of 6-Na,Si,Os after cooling. One gram of 0-

Na,S1,05 was pulverized and dispersed in 50 mL of distilled water, and the suspension
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was stirred at room temperature for 30 min. The product (kanemite, NaHSi,O5-3H,0)
was centrifuged and used for further reactions without air-drying. The purity of air-
dried kanemite was checked by powder XRD and the *Si MAS NMR spectrum of
kanemite showed only one peak attributed to Q° environment (O-Si(—O-Si=);)." A
layered CisTM A-kanemite complex was prepared by mixing kanemite and an aqueous
solution of C;,TMACI (0.1 M) at room temperature for 3 d, where the C;(TMA/Si molar
ratio was 2.0. The resulting layered C;sTM A-kanemite complex was dispersed in
distilled water. The pH value of this suspension was decreased down to 5.5 by the
addition of 1 M acetic acid for 30 min. Mesoporous silica KSW-2 was also prepared for
comparison. The mesostructured precursor was air-dried and calcined at 550 °C at a

heating rate of 5 °C min' in ambient air for 6 h to remove organic fractions.
5.2.2 Silylation of the precursor

Chlorotrimethylsilane (TM S—Cl) and octy ldimethy Ichlorosilane (ODM S—CI), both
of which were purchased from Tokyo Kasei Co., were used without further purification.
The mesostructured precursor was preheated at 150 °C for 3 h under vacuum. After 1 g
of the precursor was dispersed in 50 mL of toluene, 10 mL of the silylating agent
(TMS—CI or ODMS—CI) was added to the mixture. The suspension was refluxed for 24
h in the presence of 5 mL of pyridine under N, atmosphere. Pyridine was used as an
agent both to promote the direct reaction of the chlorosilyl groups with the surface
hydroxyl groups as a catalyst*® and to trap excess hydrogen chloride generated during the
reaction. The degree of silylation was slightly decreased when pyridine was not added.
The products were air-dried after washing with toluene and ethanol. Silylation of
KSW-2 was also carried out in a similar manner. In order to examine whether the silyl
groups can be used to cover the surface of the mesopores of KSW-2, trimethylsilylated
KSW-2 (TM S-KSW-2) and trimethylsilylated precursor (TM S-precursor) were calcined
at 550 °C at a heating rate of 5 °C min™' in ambient air for 6 h to remove the methyl

groups.
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5.2.3 Characterization

Powder X-ray diffraction (XRD) patterns were obtained by using a Mac Science
MO03XHF?* diffractometer with monochromated Fe Ka radiation for the measurement of
low angle regions and a Mac Science MXP? diffractometer with monochromated Cu Ko
radiation for higher angles. IR spectra were recorded on a Perkin-Elmer FT-IR Spectrum
One spectrometer by KBr disc technique after samples were dehydrated at 120 °C.
Nitrogen adsorption and desorption isotherms were obtained by using a BELSORP 28
apparatus (Bel Japan, Inc.) at 77 K. Samples were heated at 120 °C for 3 h to a residual
pressure of 1.3 Pa (107 Torr) prior to the measurements. Specific surface areas were
determined by BET method using the data before Kelvin condensation. Because the
shape of the mesopores is almost squared, the width of the pore was determined by the
equation of 4V/S, where V is pore volume and S is inner surface area, which is the most
reliable estimation of the pore size in this case. Inner surface area was calculated by the
subtraction of outer surface area by a tplot method from total BET surface area. The
hydrophobic nature of the silylated derivatives was examined by water vapor adsorption
measurement. Water adsorption isotherms were obtained by using a BELSORP 18
apparatus (Bel Japan, Inc.) at 298 K. Thermogravimetry and differential thermal
analysis (TG-DTA) were performed by a Mac Science 2000S apparatus with a heating
rate of 10 °C/min in an air flow. CHN analysis was conducted with a Perkin-Elmer
PE2400II instrument.  Solid-state ’Si MAS NMR measurements were performed on a
JEOL JNM CMX-400 spectrometer at a spinning rate of 5 kHz and a resonance
frequency of 79.30 MHz with a 45° pulse length of 4.1 us and a recycle time of 100 s.
This recycle time has been proven to be long enough to permit complete relaxation of the
Si nucleus, based on our previous measurements. The chemical shift was expressed with
respect to tetramethylsilane. Intensity ratios of the signals in the 2°Si spectra were

calculated after deconvolution of the peaks by the use of a M acFID simulation program.
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5.3 Results and Discussion

5.3.1 Characterization of a mesostructured precursor and the calcined product (KSW-
2)

A mesostructured precursor of KSW-2 was prepared by mild acid treatment of a
layered C;sTMA-kanemite complex® The XRD pattern of the mesostructured
precursor is shown in Figure 5-1.  All the XRD peaks in low angles are assignable to an
orthorhombic structure (d19 = 4.1 nm). In addition, broad peaks containing a peak at
the d-spacing of 0.37 nm were observed in the range of 15-30°. This observation
indicates that the structural units in kanemite were retained in the mesostructured
precursor to some extent, as reported previously.® This is one of the most interesting
characters of novel mesoporous silica KSW-2 derived from kanemite. The broad XRD
peaks were further broadened after calcination, indicating the transformation to a less
ordered local structure. Nevertheless, the mesostructure did not change (d;;o = 3.8 nm)
and the peak intensities increased because of no scattering due to the surfactants (Figure
5-1).

The density of silanol (Si—OH) groups at the surface of KSW-2 was calculated by
using the data of N, adsorption and *’Si MAS NMR measurements. The BET surface
area of KSW-2 was 1190 m* g'. The *Si MAS NMR spectra of the precursor and
KSW-2 are shown in Figure 5-2. The peaks due to Q° (OSi(O-Si=);) and O*
(Si(O-Si=)4) environments were observed at around —101 and —110 ppm, respectively.
The O° and Q" intensity ratios are also shown in the figure. The ratio decreased during
calcination, meaning the condensation of the Q° sites in the precursor and a shrinkage of
the network. Because the Si atoms of KSW-2 are consisted of only O° and O*
environments, the density of Si-OH groups can be calculated on the basis of the O° and
0" intensity ratio of KSW-2 (Fig 2b bottom) and the specific surface area, supposing

that all O sites are due to Si—-OH groups. The density was estimated to be 2.8 groups
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nm 2. It is quite difficult to estimate the density of the Si-OH groups in the precursor

by the same manner because the specific surface area cannot be determined. In addition,
Si-O sites, associated with the surfactants, are present in the precursor. Therefore, the
total density of both the Si-OH groups and Si-O™ sites was roughly estimated on the
basis of the O° and Q" intensity ratio of the precursor (86:100), being about 1.8 times
larger than that of KSW-2. Consequently, the total density of both Si-OH groups and
Si-O" sites in the precursor is calculated to be approximately 5 groups nm 2.

The unique character of the precursor is that it retains the original silicate framework
to some extent. In addition, the precursor has a larger amount of Si-OH groups than
KSW-2, indicating less condensation of the network. Therefore, silylation of the
precursor can be a way to synthesize organically modified mesoporous silica retaining the

original silicate units at least partly.
5.3.2 Silylation of the precursor.

The XRD patterns of the silylated products (Figure 5-1) showed the retention of the
mesostructure of the precursor. There were basically no significant changes in the 26
range between 2° and 12° in the XRD patterns of the precursor after the reactions with
TMS—Cl and ODMS—CI. The main peaks due to d;;y, were unchanged (TMS-precursor;
4.1 nm to 4.1 nm, ODM S-precursor; 4.1 nm to 4.0 nm). The TEM image of TMS-
precursor showed that semi-squared mesopores are observed clearly and their periodic
distance of adjacent pores is in good agreement with the value from the XRD data (ca. 3.9
nm). These results indicate that the original mesostructure was retained.

In the IR spectra of the precursor and the silylated products (Figure 5-3), the
spectrum of the TMS-precursor showed the absorption bands attributed to TMS groups
at 1257 (8, SiCHj), 848 (y Si(CHs);), and 758 cm ' (y Si(CH3);). As to the ODMS-
precursor, the absorption bands attributed to ODMS groups were observed at 2959 (v,
CH3), 2926 (v, CH,), 2857 (vs CH,), 1255 (8, SiCH3), and 846 cm™' (y Si(CH3),). The

»Si MAS NMR spectra of the TM S- and ODM S-precursors are shown in Figure 5-2a.
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The intense O* peaks (—110 ppm) with shoulder O° signals (-101 ppm) were detected
and the M' peaks due to the silyl groups (R;Si—O-Si=) newly appeared at 14 ppm. The
presence of the M' peaks and the substantial decrease in the Q° signals in the spectra
indicate the successful silylation. ~All of these results strongly support that TM S and
ODMS groups have attached to the precursor.

On the other hand, the characteristic bands due to C;sTMA cations at 1408
(8 NH,"), which is observed for the precursor, disappeared after silylation. This result
indicates that the surfactants were virtually removed during trimethylsilylation. The
almost complete removal of C;¢(TM A cations during silylation was also proved by CHN
analysis (Table 5-1). Nitrogen contents due to C;sTMA cations were negligibly small in
both of the derivatives (< 0.1 mass %). The removal of surfactants can be explained by
ion-exchange reaction of C;sTMA cations with protons formed by silylation.*

The degree of grafting for the precursor is estimated by using the number of silyl
groups per SiO, (Table 1) because the surface area of the precursor cannot be determined.
The numbers of the silyl groups per 1 mol SiO, for the silylated precursors were
calculated to be 0.25 for TMS and 0.17 for ODMS by using both CHN and TG data.
The higher grafting ratio of TM S groups is possibly due to the lower occupying area and

lower steric hindrance.
5.3.3 Silylation of calcined KSW-2

KSW-2 was also silylated with TM S—Cl and ODMS-Cl. As was found for the
silylated precursors, the XRD patterns of the silylated KSW-2 (Figure 5-1) also showed
the retention of the mesostructure. The main peaks due to d;;y were 3.7 nm for TM S-
KSW-2 (d,1o = 3.8 nm before silylation) and 3.7 nm for ODM S-KSW-2 (d;o = 3.7 nm
before silylation).

The ¥Si MAS NMR spectra of TMS- and ODMS-KSW-2 are shown in Figure 5-2b.
In addition to the intense O peaks (—110 ppm) with shoulder Q° peaks (-101 ppm), the

M peaks due to the silyl groups were observed at 14 ppm. The result indicates that the
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successful silylation of KSW-2 was also achieved by the same procedure. On the basis
of the carbon contents, the grafted numbers of TMS and ODMS groups on the surface of
KSW-2 were 1.6 and 1.3 groups nm 2, respectively. These values are equivalent to 0.17
TMS groups/SiO, and 0.14 ODMS/SiO,, being smaller than those for the silylated
precursors (0.25 for TMS and 0.17 for ODMS). This is quite reasonable because
KSW-2 has less Si-OH groups than the precursor.

Compared to the TM S system, a larger amount of silanol groups remained in the
ODMS system, as was discussed for the silylated precursors. The amounts of TMS
and ODM S groups grafted on FSM -type mesoporous silica are 1.7 and 1.3 groups nm,
respectively.”®  Therefore, the packing densities of the silyl groups on the surfaces are

almost similar in these two mesoporous silicas derived from kanemite.
5.3.4 Local structures of the precursor and KSW-2 after silylation.

The mesostructures of the precursor and KSW-2 did not change during the silylation
as described above and organically modified mesoporous silica with a novel mesostructure
(semi-square mesopores) was obtained by direct silylation. All the N, adsorption
isotherms of KSW-2 and the TMS derivatives from both the precursor and KSW-2
showed a type IV behavior characteristic of mesoporous materials, while type I-like
isotherms were observed for the ODMS derivatives (Figure 5-4). The BET surface
areas, the pore volumes, and the widths of the square mesopores are listed in Table 1.
The BET surface area and the pore volume as well as the width of the pore were decreased
for all the silylated samples. These changes correlate with the size of the silyl groups.
Because ODMS group is bulkier than TMS group, these parameters for the ODMS
derivatives are lower than those for TMS derivatives. Silylated precursors show
slightly larger values on the mesoporosity than silylated KSW-2 both in the TMS and
ODMS derivatives, which should be attributable to the less condensed structure of the
precursor. This is consistent with the larger lattice constants of the precursor and

suggests that the derivatives should have the structural units of the original framework of



Chapter 5  Silylated Mesoporous Silica KSW-2 104

the starting material.

However, the peak at the d-spacing of 0.37 nm, found in the pattern of the precursor,
became very broad through silylation, suggesting that the capping induced the variation of
the local arrangement of the silicate framework. Shimojima et al have recently
succeeded in synthesizing organic derivatives of a layered C;(TM A-kanemite by
monochloroalkyldimethy -, dichloroalklymethl-, and trichloroalkylsilanes and found that
the structural variations are diverse, depending on the kind of the silylating reagent and
the alkyl chain length.?” Therefore, silylation of the mesostructured precursor of
KSW-2 under milder conditions and by using bi-functional and tri-functional silylating

reagents would also be interesting for further silylation.
5.3.5 Properties of the silylated derivatives

The water vapor adsorption isotherms of KSW-2 and the silylated derivatives from
both the precursor and KSW-2 are shown in Figure 5-5. The isotherm of KSW-2
showed a type V behavior, indicating weak interactions between the surface of KSW-2
and water molecules. The amounts of adsorbed water for the silylated derivatives were
much smaller than that observed for KSW-2. The silylated derivatives equally
displayed their hydrophobic behavior. Though the grafted number of the silyl groups
on TMS-KSW-2 was larger than that on ODM S-KSW-2, there were no appreciable
differences between them. All the data indicate that the hydrophobicity of KSW-2 was
drastically increased by silylation.

The XRD patterns of KSW-2 and the TMS derivatives from both the precursor and
KSW-2 before and after the adsorption of water vapor are shown in Figure 5-6. The
XRD pattern of KSW-2 after the adsorption did not exhibit any distinct peaks, indicating
a structural collapse. On the other hand, the XRD patterns of the silylated derivatives
did not change after the adsorption. The increased hydrophobicity of the silylated
derivatives improved the stability against water vapor. It has been reported that the

stability of MCM-41 materials against the treatment with water depends on the nature of
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pore walls. The instability in the presence of water is explained by the hydrolysis of
Si-O-Si bonds."”**  Accordingly, the increased stability presented here is attributed to
the formation of Si—OSiR; linkage on the inner surfaces.

The TG-DTA curve of TM S-KSW-2 (Figure 5-7) showed a sharp exothermic peak
at 475 °C and a weak and broad exothermic peak at around 595 °C. The sharp peak is
ascribed to the oxidative decomposition of TMS groups, while the weak peak may be
assigned to the combustion of remaining carbon species. On the other hand, ODM S-
KSW-2 showed a sharp peak at 228 °C with a shoulder centered at 252 °C and a weak
broad peak at around 592 °C. The peak at relatively lower temperature is due to the
combustion of octyl groups. The presence of the exothermic peaks strongly supports
the silylation and it should also be noted that the peaks appeared at relatively high
temperature for the TMS derivatives

Trimethylsilylated products of the precursor and KSW-2 were calcined to find the
possibility of tuning the pore size. After calcination of TM S-precursor and TM S-
KSW-2, the main peaks due to d;;o were very slightly shifted to higher angles in the XRD
patterns. As shown in Table 1, the BET surface areas and pore volumes were larger
than those of the corresponding silylated derivatives and lower than that of KSW-2, while
the width of the pores was reduced from 2.7 nm (KSW-2) to 2.3 and 2.1 nm for the
calcined TM S-precursor and TM S-KSW-2, respectively. These results indicate the
pores of the calcined TMS derivatives were partly covered with silica which was formed
by oxidation of attached TM S groups. Because the lattice constants of a and b axes of
KSW-2 are very similar, the average value can be calculated from the d,;, value of KSW-
2 by assuming the lattice is square. Based on the d;;( (Figure 5-1), the a parameter was
estimated to be 3.8 nm. From the N, adsorption data of KSW-2, the width of the square
mesopore was estimated to be 2.7 nm. Consequently, the wall thickness of KSW-2 was
evaluated to be ca. 1.1 nm. On the other hand, both of the wall thicknesses of calcined
TM S-KSW-2 and calcined TM S-precursor were ca. 1.6 nm by assuming the retention of

the structure. Therefore, the wall was thickened by calcining silylated derivatives,
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confirming an additional role of silyl groups to control the structure of the pore wall of

mesoporous silica derived from the single layered polysilicate.

5.4 Conclusions

Mesoporous silica KSW-2 and the precursor are silylated by the reaction with
chlorotrimethylsilane and octyldimethlchlorosilane without the collapse of the
mesostructures. The semi-squared mesopores found only for KSW-2 and the precursor
are retained after silylation. The grafted numbers for the silylated derivatives derived
from the precursor are larger than those from KSW-2. All the silylated derivatives show
the lower values of BET surface area, pore volume, and width of the mesopore than those
for KSW-2 and the values for ODMS derivatives are lower than those for TMS
derivatives because of the steric hindrance. The hydrophobicity and the stability
against water vapor significantly increase by silylation. The calcined products of the
silylated derivatives have shorter widths of the mesopores than KSW-2. The wall
thickness and the width of the pore of KSW-2 can be tunable if silylating agents are
properly chosen. Therefore, the present results suggest possible molecular design based
on this mesoporous silica. Novel silica-organic hybrids are obtained by silylation of
mesoporous silica KSW-2 and the precursor. Because KSW-2 has a very unique shape
of mesopores, the organic derivatives should afford distinctive characteristics, such as
specific reaction media and adsorption sites, which other mesoporous silicas cannot
provide. Although the regularity of the silicate framework retained in the precursor was
not found for the silylated derivatives by powder XRD, there should be some ordering in
the framework because restructuring of the skeleton cannot occur during the silylation.
Further researches are required toward the construction of organically modified
mesoporous silicas with retaining a higher ordered silica network close to the original
structure, which would be realized under milder reaction conditions by using well

designed reagents.
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Figure 5-1. XRD patterns of (a) precursor and the silylated derivatives; (b) KSW-2

and the silylated derivatives.
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Figure 5-2. *Si MAS NMR spectra of (a) precursor and the silylated derivatives; (b)
KSW-2 and the silylated derivatives.
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Figure 5-3. IR spectra of (a) precursor and the silylated derivatives; (b) KSW-2 and the

silylated derivatives.
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(¢) TMS-KSW-2 (A), (d) ODMS-precursor (<), and (¢) ODMS-KSW-2 (0O).
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TMS-KSW-2 (A), ODMS-precursor (<), and ODMS-KSW-2 (0).
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Chapter 6

Effects of the kind of layered disodium disilicates on the formation of

silica-organic mesostructured materials
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6.1 Introduction

Silica-organic mesostructured materials can be prepared by the reaction of a layered
polysilicate kanemite (NaHSi,Os-3H,0)'” with surfactant molecules as templates.”
By calcining the mesostructured materials, mesoporous silica with narrow pore size
distribution (denoted as KSW-1 at a later stage’) was obtained. FSM-16 (2-d
hexagonal mesoporous silica derived from kanemite) was also formed by optimizing the
reaction conditions.® Since the report on M41S mesoporous silicas such as 2-d
hexagonal MCM-41 by the Mobil group,”® a huge number of papers on this type of
materials have been reported in this decade. The characteristic points of ordered
mesoporous materials are controllable morphology, structure, and composition, which
makes the materials very promising in diverse fields of applications including not only
separation and adsorption but also photonics and electronics materials.

Davis et al. compared MCM-41 with mesoporous silica derived from kanemite
(KSW-1) and reported that the thermal and hydrothermal stabilities of KSW-1 are
higher than those of MCM-41.” Inaki et al. also compared both types of the materials
from the point of photometathesis of propene in mesopores and reported that the activity
of FSM-16 is higher than that of MCM-41 because of the unique arrangements of
surface Si—-OH groups originated from kanemite.'"” The in-situ XRD analysis of
mesostructured materials also clarified that the formation process of the as-synthesized
precursor for FSM-16 is different from that of MCM-41."" It has been described
several times that fragmented silicate sheets wrap rod-like micelles to form a 2-d
hexagonal structure in the formation of FSM-16.""'""'* Recently I have reported the
presence of fragmented silicate sheets in the formation process of mesostructured
materials for FSM-16," and the finding is consistent with the report by O’Brien et al."!
On the other hand, structurally different mesoporous silica called KSW-2 is also formed
from kanemite.’ An intercalation compound composed of kanemite-derived silicate

4 can be transformed into

sheets and hexadecyltrimethylammonium (C;sTMA) ions
silica-based mesostructured materials containing squared mesopores by acid treatment
which induces the structural deformation. This reaction uses surfactant assemblies but
the porous structures are not governed by the packing, which is only observed for the

unique kanemite system. The powder XRD patterns of mesostructured precursors for
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KSW-2 exhibit several peaks at higher diffraction angles, suggesting the partial
retention of the silicate framework of kanemite. Based on these findings, it is
reasonable to say that mesoporous silicas derived from layered disilicate are structurally
superior to those using soluble silicate species in thermal and hydrothermal stabilities as
well as catalytic activity, and that the formation mechanisms between them are different.
However, kanemite has never retained its intact crystalline structure after the formation
of mesoporous materials. Therefore, it would be quite interesting to survey the
influence of the diversity of the crystalline silicate structures on the formation of
mesostructured materials.

Layered disodium disilicates have several crystal structures which are composed of
single-layered silicate sheets with interlayer sodium ions, and the silicate layers consist
of six-membered rings of SiO, tetrahedra with only O’ environments of Si
(0Si(0Si);).”"7  Among them, 8-Na,Si,Os (precursor for kanemite) and a-Na,Si;Os
have different framework structures; the 0 phase has silicate sheets with boat-type 6-
membered rings whereas the o phase possesses silicate sheets with chair-type 6-
membered rings (Figure 6-1).'"'® Therefore, it can be expected that the degree of
condensation during the formation of mesostructured materials should be different and
that the assembling structure of surfactants should also be different, which may affect
the structure of mesoporous silica after calcination.

However, there have been no reports on the formation of mesostructured materials
derived from a-Na,Si,Os and related materials, though Lagaly et al. reported that acid-
treated H,Si,0s-I reacted with some alkylamines to form intercalation compounds.'*’
In the present study, based on the synthetic procedure established for FSM-16, hydrated
a-sodium disilicate was used as a starting layered polysilicate for the formation of
mesostructured materials and the products were characterized to find the influences of
the different structural features of layered disodium disilicates on the formation of

mesostructured materials.

6.2 Experimental

6.2.1 Materials
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An aqueous solution of NaOH (2 M) was added to a high purity sodium silicate
solution (Si0,/Na,O = 3.51, Nissan Chemical Ind. Ltd.) to adjust the ratio of Na/Si to be
1.0. The mixed solution was stirred at room temperature for one day. After drying
the solution, the resultant solid was pulverized and then heated at 800 °C for 12 h in an
air atmosphere to form a-Na,Si,0s.  According to the method of preparing kanemite
from 8-Na,Si,0s, 1 g of a-Na,Si,0s was dispersed in 50 ml of water and the mixture
was stirred for 30 min. The suspension was then centrifuged and air-dried to form
hydrated a-sodium disilicate. Wet slurries of hydrated a-sodium disilicate were used
without drying when mesostructured materials were synthesized. Disilicic acid
(H2S1,05-1) was prepared by treating a-Na,Si,Os (1 g) with HCI (2 M) at room

temperature for 3 h, centrifuged, and air-dried.

6.2.2  Formation of hydrated a-sodium disilicate-C16TMA mesostructured

materials.

Wet  slurries of hydrated o-sodium  disilicate were added to a
hexadecyltrimethylammonium chloride (C;sTMACI) solution (0.1 M) with the
Ci16TMA/Si molar ratios of 2.0. The mixture was stirred at room temperature (for 3 h
to 7 d) or 70 °C (for 3 to 6 h). Stirring at 70 °C for 6 h was needed to complete the
reaction. The suspensions were then centrifuged, washed with distilled water, and air-
dried to form hydrated o-sodium disilicate-CisTMA mesostructured materials. A
different C;sTMA/Si molar ratio of 4.0 was also employed to form a hydrated a-sodium
disilicate-C;sTMA mesostructured material. The resultant solids were calcined at
550 °C for 6 h in an air atmosphere (heating rate: 5 °C min™').

The lower ratios of C;¢sTMA/Si (0.2, 0.5, 0.7, and 1.0) were also applied for the
formation of hydrated a-sodium disilicate-C;sTMA mesostructured materials. Wet
slurries of hydrated a-sodium disilicate were reacted with C;sTMACI solutions and the
mixtures were stirred at 70 °C for 3 h. The suspensions were treated similarly, as
described above. The resultant solid at the C;¢TMA/Si molar ratio of 0.2 was calcined

at 550 °C for 6 h in an air atmosphere (heating rate: 5 °C min™').
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6.2.3 Formation of kanemite-C;4TMA mesostructured materials.

Kanemite was synthesized according to the report by Kimura ef al.'*  Wet slurries of
kanemite were used without drying when mesostructured materials were synthesized.
Kanemite was added to C;TMACI solutions (0.1 M) with the C;,TMA/Si molar ratios
of 0.2, 0.5, 0.7, 1.0, and 2.0. The mixtures were stirred at 70 °C for 3 h. The
suspensions were then centrifuged, washed with distilled water, and air-dried to form
kanemite-C ¢ TMA mesostructured materials.'* The resultant solids at the C;sTMA/Si
molar ratios of 0.2 and 2.0 were calcined at 550 °C for 6 h in an air atmosphere (heating

rate: 5 °C min ).

6.2.3 Characterization

Powder XRD patterns were recorded on Mac Science MXP® (Cu Ko) and MO3XHF>
(Fe Ka) diffractometers with a scanning speed of 2°/min. The diffraction angles were
calibrated by using phlogopite as a reference. Solid-state *’Si MAS NMR spectra were
measured by a JEOL CMX-400 spectrometer, using a resonance frequency of 79.4 MHz,
a rotation speed of 5 kHz, accumulation of 500-800 scans, pulse delays of 200 sec for
the inorganic substances (disilicates and their hydrates) and 100 sec for mesostructured
materials, and a pulse angle of 45°. Tetramethylsilane was used as a reference (0 ppm).
Nitrogen adsorption desorption isotherms were obtained by a BELSORP 28SA (Japan
Bel Co.) and samples were outgassed at 120 °C under 10> mmHg for 3 h prior to the
measurement. Specific surface areas, pore volumes, and pore size distributions were
calculated by the BET method,”’ the #-plot method, and the BJH method using
adsorption isotherms.”> TEM images were taken by a JEM2010EX electron
microscope (JEOL) at an accelerating voltage of 200 kV. Powdery samples were
dispersed in acetone and mounted on microgrids. The chemical compositions were
determined by ICP, CHN, and TG. ICP analysis was performed with an IRIS-AP
spectrometer (Jarrell Ash) and samples were prepared by a melting method with lithium
metaborate. The surfactant/silicon ratio (C;¢TMA/Si) was determined by CHN

analysis using a Perkin-Elmer PE-2400Il instrument.  Thermogravimetry was
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conducted by a TG-DTA2000S apparatus (Mac Science Co.) in the temperature range
from RT to 1000 °C at a heating rate of 10 °C min' and an air flow of 200 ml min .

6.3 Results and Discussion

6.3.1 0a-Na,Si,0sand its hydrate.

All the powder XRD peaks of a-Na,Si,Os (Figure 6-2(a)) are consistent with those
reported by Williamson® and no impurity phases were observed. The *Si MAS NMR
spectrum of a-Na,Si,0s (Figure 6-3(c)) shows a single signal at —-95 ppm due to Si
atoms with a O° environment, which coincides with the report by Heidemann.”* The
Na/Si ratio, determined by ICP, was 1.03. All these data confirm the formation of a-
NaySi,0s.

Figure 6-2(b) shows the powder XRD pattern of hydrated oa-sodium disilicate
obtained by dispersing a-Na,Si,0s in water. The pattern is different from those of -
Na,Si,05 and H,Si;0s-1.>°  The appearance of the new peak at d = 0.96 nm (26 = 9.2°)
indicates the expansion of the interlayer spacing. The composition of hydrated o-
sodium disilicate prepared here was Na,; ,HsS1,0s - 2.5H,O. Ai et al. also reported
the formation of a hydrated product of a-Na,Si,Os by allowing the disilicate to stand
under the humidity of 35-50 % at room temperature for 6 months.** The XRD pattern
shows a peak at d = 0.94 nm with some peaks due to unreacted a-Na,Si,0s and some
other peaks inconsistent with those observed by me. They do not provide the crystal
structure of the substance.

Figure 6-3 shows the *’Si MAS NMR spectra of 8-Na,Si,Os, 0-Na,Si,Os, and their
hydrates. Kanemite exhibits a sharp signal ascribable to the Q° units at —97 ppm.
The spectrum of hydrated a-sodium disilicate (Figure 6-3(d)) shows several signals in
the region of O* and O’ units, indicating the diversity of Si environments, which is

2627 The hydrated behavior is quite

26,27

basically consistent with the previous reports.
different from that of kanemite. The previous papers report the presence of the
peaks at —110 ppm due to Q” that I did not observe, possibly because of the differences

between the hydration conditions. The Raman spectra of a-Na,Si,Os and hydrated a-
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sodium disilicate (Figure 6-4) show similar patterns, suggesting the retention of the
original silicate framework in the hydrated form.

The layered nature of the hydrate was also supported by the intercalation behavior
with C;¢H33NH,.  The powder XRD pattern of the reaction product (Figure 6-5) shows
the peaks at d = 5.55, 2.76, and 1.86 nm assignable to (001), (002), and (003) reflections,
respectively, indicating the large expansion by the intercalation, which confirms the

lamellar structure of hydrated a.-sodium disilicate.

6.3.2 Mesostructured products derived from hydrated o-sodium disilicate and

kanemite.

The powder XRD patterns of the reaction products of hydrated a-sodium disilicate or
kanemite with C;sTMA ions, prepared at the ratio of C;cTMA/Si = 2.0, are shown in
Figures 6-6 and 7, respectively. When kanemite was used, the peak at d = 3.22 nm and
the higher order peaks are observed (Figure 6-7(a)). These peaks disappeared after
calcination, which means the formation of a lamellar mesophase, as reported previously
by Kimura ef al.'*  On the other hand, the peak at d = 4.23 nm and a broad peak at 26
= 4-6° (Figure 6-6(a)) are observed when hydrated a-sodium disilicate was used.
These peaks were preserved after calcination, (Figure 6-6(b)), indicating the formation
of a three-dimensional (3-d) silica network. The finding that the formation of the 3-d
silica network at the C;sTMA/Si ratio of 2.0 is important because the C;sTMA/SIi ratio
induces the formation of a lamellar mesophase from kanemite.

The *°Si MAS NMR spectrum (Figure 6-8) revealed the degree of condensation of
the silicate network of the hydrated o-sodium disilicate-C;eTMA compound
(C1sTMA/Si = 2.0) before calcination and the ratio of 0*/(Q’+Q") was 0.57. Though
the compound was not acid-treated, the value is quite high, being similar to that found
for the pH-adjusted precursor for FSM-16. Consequently, the structure of the
compound was retained after calcination without pH adjustment. Compared with the
pH of the solution before acid treatment in the synthesis of FSM-16 (higher than
11.5),”® the pH of the solution at the C;¢TMA/Si ratio of 2.0 was relatively low (10.2).

Therefore, the silicate sheets do not tend to be fragmented by dissolution and the
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interlayer condensations are liable to occur, leading to a stable 3-d silica network. This
is the reason for the high degree of condensation of the silicate network under the high
Ci16TMA/SI ratio.

The surfactant/silicon ratio (C;¢TMA/Si) was 0.20 in the hydrated a-sodium
disilicate-C;sTMA compound when the starting ratio of C;¢TMA/Si was 2.0, while the
contents were 0.24—0.28 in lamellar mesophases derived from kanemite under the same
Ci16TMA/Si ratio. The smaller organic content of the hydrated a-sodium disilicate-
Ci6TMA compound results from a higher degree of condensation of the silicate network,
that is, there are many Q4 environments of Si which do not interact with C;sTMA.

The nitrogen adsorption isotherm of the porous material derived from the hydrated o.-
sodium disilicate-C;sTMA compound (C;sTMA/Si = 2.0) after calcination (denoted as
SSW-1 hereafter) is shown in Figure 6-9. A type IV isotherm is observed,”” and the
pore size is 2.7 nm though the pore size distribution is broad .

The TEM image of SSW-1 is shown in Figure 6-10. A disordered structure (Figure
6-10(a)) is observed, which corresponds to the broadness of the diffraction peaks shown
in Figure 6-6(b). On the other hand, when I look at the arrangement of the channels,
the uniformly arranged straight channels are observed (Figure 6-10(b)). This is
characteristic of the system using hydrated a-sodium disilicate which should bend along
the a axis.”® Even under the higher C;sTMA/Si ratio of 4.0, the XRD peak of the solid
after calcination at 550 °C was observed (Figure 6-11), showing the formation of a 3-d
silica network in the case of hydrated a.-sodium disilicate.

To examine the initial stage of the formation of the hydrated o-sodium disilicate-
CisTMA compound (Cis TMA/Si = 2.0), the reaction was conducted at room
temperature and the XRD patterns of the resultants are shown in Figure 6-12. A broad
peak with d value of ca. 4 nm began to appear in the XRD pattern of the product at 6 h.
As shown in Figures 6-6 and 7, when C;¢TMA was used as a template, the peak with d
value of ca. 3 nm was observed in the lamellar mesostructure, whereas the peak with d
value of ca. 4 nm in a less ordered hexagonal structure. Therefore, the appearance of
the peak with d value of ca. 4 nm even at very initial stage of 6 h indicates that the
hydrated a-sodium disilicate forms a 3-d silica network at the initial stage. In the

formation of hexagonal mesostructured silica from kanemite, it is reported that a 3-d
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silica network is formed by way of a lamellar mesophase at the initial stages,”” though
hydrated a-sodium disilicate-Ci;sTMA does not take such a process. Moreover, the
peak at 20 of 11.6° due to hydrated a-sodium disilicate was observed at the initial
stages and the peak intensity gradually weakened as the reaction proceeded. The pH
values of the reaction solutions were less than 11 at any reaction conditions, therefore,
the possibility of dissolution of hydrated a-sodium disilicate is low. However, only a
halo peak resulting from the very poorly crystalline structure was observed at higher
diffraction angles in the XRD pattern (Figure 6-13), indicating that the intact crystal
structure was not preserved in the hydrated o-sodium disilicate-C;sTMA compound.
Several peaks at 260 of 9°, 24°, and 28° were also observed, and these were due to a very
small amount of unreacted hydrated a-sodium disilicate detectable by a high power
XRD apparatus (50 kV, 300 mA).

The powder XRD patterns of the reaction products of hydrated a-sodium disilicate
and kanemite with C;sTMA ions, prepared at the C;sTMA/Si molar ratios less than 2.0
(CiTMA/Si = 0.2, 0.5, 0.7, and 1.0) are shown in Figures 6-14 and 15. When
kanemite was used, four diffraction peaks were observed at the C;¢TMA/Si molar ratios
of 0.2 (Figure 6-15(a)). These are characteristic of a hexagonal structure, corresponding
to (100), (110), (200), and (210) reflections. At the C;,TMA/Si molar ratio of 0.5, in
addition to the four peaks characteristic of the hexagonal structure, a peak at d value of
3.18 nm and the higher order peaks were observed (Figure 6-15(b)). This shows the
mixture of the hexagonal and lamellar structures. At the ratios of 0.7 and 1.0, only
lamellar mesophases were formed (Figure 6-15(c) and (d)). In the report by Kimura et
al.,'"* the diffraction peaks resulting from a lamellar structure are observed though a
hexagonal structure is mainly formed at the ratio of 0.2. The slight difference between
these reports is supposed to be due to the reaction conditions.

On the other hand, when hydrated o-sodium disilicate was used, four peaks
characteristic of 2-d hexagonal structures were observed in all the XRD patterns at the
Ci16TMA/Si molar ratios of 0.2-1.0 (Figure 6-14). No clear diffraction peaks were
observed at higher diffraction angles (Figure 6-16), indicating the substantial loss of the
crystal structure of the framework. When the ratio was 1.2, the structure was less

ordered, which is similar to the results on the product at the ratio of 2.0.
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The relation between the C;sTMA/Si molar ratio and the structural variation is shown
in Figure 6-17. A lamellar mesostructure was formed at the C;¢TMA/Si molar ratios
higher than 0.5 in the case of kanemite, whereas 2-d hexagonal structures were formed
at the C;¢TMA/Si molar ratios of 0.2-1.0 in the case of hydrated a-sodium disilicate.
The reason for this difference will be discussed later. When hydrated a-sodium
disilicate-C;sTMA prepared at the C;TMA/Si molar ratio of 0.2 was calcined at 550 °C,
no diffraction peaks were observed, meaning the collapse of the mesostructure (Figure
6-18(b)). The reason of the collapse is that this mesostructured material was not acid-
treated and the degree of condensation was low (0*/(0*+0% = ca. 0.35). The collapse
of the mesostructure was prevented by acid treatment, as in the case of FSM-16, and the
stability was higher than that of FSM-16, which is under investigation and will be
reported in near future.

From these results, it is easier for hydrated a-sodium disilicate to form mesoporous
materials than for kanemite. The reason why hydrated o-sodium disilicate tend to
form mesoporous materials is discussed here. The *°Si MAS NMR spectra of the wet
slurries of hydrated a-sodium disilicate and kanemite, as well as their integrated
intensity ratios, are shown in Figure 6-19. The signals due to Q° environment were
observed mainly in both of them, suggesting hydrated a-sodium disilicate did not
dissolve completely, though the ratios of Q' and Q” were higher for the hydrated a-
sodium disilicate than for kanemite.

Inagaki et al. have recently reported the successful preparation of ordered
mesoporous materials with uniform organic-inorganic hybrid frameworks.”’ They
commented that the low anion charge density plays a role in making the headgroups of
alkyltrimethylammonium (C,TMA) ions apart and that a 3-d hexagonal structure is
formed. In our report, lamellar mesostructures were formed at the C;,TMA/Si molar
ratios higher than 0.5 in the case of kanemite, whereas 2-d hexagonal structures were
obtained at the C;,TMA/Si ratios of 0.2—1.0 in the case of hydrated a-sodium disilicate.
This is probably due to the fact that the distances between Si—O" sites along the bending
direction are longer for the hydrated a-sodium disilicate than those for kanemite. The
distances between the Si—O~ sites for sodium disilicate are shown in Figure 6-20.

These layers are considered to bend along the a axis,’” and the distance between Si—O~
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along the a axis is longer for a-sodium disilicate (Figure 6-20(b)) than for 6-sodium
disilicate (Figure 6-20(a)). If [ assume that the structures similar to the parent silicates
are preserved in the hydrates, the headgroups of C;sTMA ions become larger, as shown
in Figure 6-20(d), in the case of hydrated a-sodium disilicate, leading to the formation
of a hexagonal structure.

Although the distance between Si—O~ is longer along the bending direction, the
hexagonal structure of the product obtained from the hydrated a.-sodium disilicate at the
C16TMA/Si molar ratio of 2.0 was less ordered. Because the pH value of the reaction
solution was not high enough to fragment the silicate sheets, obviously those sheets
cannot form an ordered hexagonal structure due to their structural restriction. When
C,TMA ions are used as a template, a highly ordered 2-d hexagonal structure is formed

783233 \whereas it is not formed from a

at various pH values from soluble silicate species,
layered silicate unless the pH of the solution is high enough to fragment the sheets.
This is a distinctive difference between a layered disilicate and soluble silicate species
as the silica sources.

The most important thing for using hydrated a-sodium disilicate is that mesoporous
silica can be prepared at lower pH than in the case of kanemite and without acid
treatment when the ratio was increased to 2.0. From this point of view, it is expected
that the silicate structure would be retained partly in the framework of mesostructured
silica when hydrated o-sodium disilicate is used. Further structural control during the
formation remains to be tackled. If the infralayer condensation observed for the

C,TMA-kanemite systemss’14

is ideally controlled depending on both the kind of
layered polysilicates and the reaction conditions, the deformation of the silicate
frameworks would be suppressed. Introduction of heterogeneous atoms such as Al

into the framework will also be one of the most interesting themes.

6.4 Conclusions

Silica-based mesostructured materials were formed using two different disilicates of

hydrated a-sodium disilicate and kanemite as the silica sources. The influence of the
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different structural features of layered disodium disilicates on the formation of
mesostructured materials was verified. The original silicate framework of a-Na,Si,05
is probably preserved in its hydrated a-sodium disilicate. In the C;sTMA/Si molar
ratios of 0.2—-1.0 (C;¢TMA/Si = 0.2, 0.5, 0.7, and 1.0), 2-d hexagonal structures were
formed from hydrated a-sodium disilicate though a less ordered structure was formed
when the ratio was 2.0. The uniformly arranged straight channels are observed in the
TEM image. This is characteristic of the system using hydrated a-sodium disilicate
which should bend along the a axis. On the other hand, in the case of kanemite,
lamellar mesostructures were formed at the ratios higher than 0.5, while a 2-d hexagonal
structure was formed only at the ratio of 0.2. Longer distance between Si—O" sites
along the bending direction in hydrated a-sodium disilicate than that in kanemite,
making the headgroups of C,TMA ions apart, may be the reason for these differences.
Mesoporous silica (SSW-1) derived from hydrated a-sodium disilicate is prepared at
lower pH than from kanemite at the C;¢TMA/Si ratio of 2.0. More importantly, the
acid treatment, which is normally required for the preparation of mesoporous silica from
kanemite, was not needed for the formation of 3-d silica network from hydrated a-
sodium disilicate at the ratio of 2.0. These findings are quite useful for future design
of the framework of mesostructured silica because, by an appropriate selection of
disilicate, mesostructured materials can be prepared under lower pH conditions that are

advantageous for retaining the original silicate structures to some extent.
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Figure 6-1. Crystal structures of a- and 0-disodium disilicates."” (a) 6-Na,S1,0; and (b)
a-Na,Si1,0;.
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Figure 6-2. XRD patterns of (a) a-Na,Si,0s, (b) hydrated a-sodium disilicate, and (c)
H,S1,0,-1.
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Figure 6-3.7’Si MAS NMR spectra of a- and 6-Na,S1,05 and their hydrates
(a) 6-Na,Si,0, (b) kanemite, (c) a-Na,Si,0;, and (d) hydrated a-sodium disilicate.



Chapter 6 Effect of Layered Sodium Disilicate 133

(b)

Raman Intensity (a.u.)

(a)

[ I [ I 1 I [
1200 800 400

Raman shift / cm-1

Figure 6-4. Raman spectra of (a) a-Na,Si,0, and (b) hydrated a-sodium disilicate.
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Figure 6-5. XRD patterns of (a) hydrated a-sodium disilicate-C;¢H33NH,, (b) kanemite-

C16H33NH2.
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Figure 6-6. XRD patterns of (a) the hydrated a-sodium disilicate-C;sTMA compound
and (b) the product after calcination of (a) (C;¢TMA/Si = 2.0).
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Figure 6-7. XRD patterns of (a) kanemite-C;sTMA intercalated compound and (b)
calcined product of (a) (CisTMA/Si = 2.0).
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Figure 6-8.”’Si MAS NMR spectrum of the hydrated a-sodium disilicate-C;s TMA
compound (C;¢TMA/Si = 2.0).
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Figure 6-9. N, adsorption isotherm of the hydrated a-sodium disilicate-C,;TMA
compound (C,,TMA/Si = 2.0) after calcination (SSW-1).
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Figure 6-10. TEM images of the hydrated a-sodium disilicate-C,,TMA compound
(C,,TMA/Si = 2.0) after calcination (SSW-1).
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Figure 6-11. XRD patterns of (a) hydrated a-sodium disilicate-C;sTMA, (b) calcined

product of (a) (C1sTMA / Si = 4.0).
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Figure 6-12. XRD patterns of the hydrated a-sodium disilicate-C1sTMA compound
(C16TMA/Si = 2.0) prepared at R.T. for (a) 3 h, (b) 6 h, (¢c) 12h,(d) 1 d, (e)3d, (f) 54,
(g) 7d, and 70 °C for (h) 3 h and (i) 6 h.
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Figure 6-13. XRD patterns of hydrated a-sodium disilicate — C;s TMA

mesostructured silica (C;sTMA / Si = 2.0).
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Figure 6-14. XRD patterns of the hydrated a-sodium disilicate-C1,TMA compound at
the C1¢TMA/Si ratios of (a) 0.2, (b) 0.5, (¢) 0.7, and (d) 1.0.
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Figure 6-15. XRD patterns of kanemite-C;sTMA mesostructured compound at the

C16TMA/Si molar ratios of (a) 0.2, (b) 0.5, (¢) 0.7, and (d) 1.0.
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Figure 6-16. XRD patterns of hydrated a-sodium disilicate — C;s TMA

mesostructured silica (C;cTMA / Si=0.2).
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Figure 6-17. Structural variation with the C;sTMA/Si ratio.
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Figure 6-18. XRD patterns of (a) the hydrated a-sodium disilicate-C1sTMA compound

(C16TMA/Si = 0.2), (b) the calcined product of (a), (c) the kanemite-C;s TMA
compound (C;¢TMA/Si = 0.2), and (d) the calcined product of (c).
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Figure 6-19. *3i MAS NMR spectra and the integrated intensity ratios of wet slurries

of (a) hydrated a-sodium disilicate and (b) kanemite.
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Figure 6-20. The distances between the Si—O sites of (a) kanemite and (b) hydrated
a-sodium disilicate and the difference of the mesostructures derived from (a) and (b)

(c,d).
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Silica-based mesostructures are derived from a layered polysilicate kanemite, and the
formation is induced by the reactions with various cationic surfactants with different
geometrical packings. In the surfactant-kanemite systems, several reactions such as the
interactions of cationic surfactants with the silicate sheets, the fragmentation or bending
of the silicate sheets, and the geometrical packing of surfactant molecules are complicated.
However, the formation of ordered (lamellar, 2-d hexagonal, and 2-d orthorhombic) and
disordered mesostructured materials can be simply summarized on the basis of the
presence of layered surfactant-silicate intermediates. The obtained insights are
potentially applicable for simultaneous control of short (framework) and long range
orderings (mesostructure) in mesostructured materials obtained from layered
polysilicates. Several research groups have challenged the transformation of silicate
frameworks of MCM-41 into crystallized frameworks. However, the mesostructural
orderings of MCM-41 was lost by crystallization though catalytic performance and
hydrothermal stability of MCM-41 were enhanced by post-treatment. In contrast,
silicate frameworks of lamellar mesophase silicates can be successfully transformed into
molecularly ordered inorganic frameworks by hydrothermal post-treatment. The
molecularly ordered inorganic frameworks are formed depending on the shapes of head
groups in cationic surfactants. Therefore, the sheet-like silicate framework in KSW-2
constructing semi-squared mesopores is especially attractive to realize the preparation of

mesostructured and mesoporous materials with truly crystallized silicate frameworks.

KSW-2 is a novel mesoporous silica with semi-squared mesopores and is obtained
by mild acid treatment of layered alkyltrimethylammonium silicate mesostructured
materials in which the silicate is derived from kanemite, a single layered sodium
polysilicate. The effect of the carbon chain length of the alkyltrimethylammonium
cations on the mesostructures was investigated. = Hexadecyl- and tetradecyl-
trimethy lammonium exchanged silicate mesophases are successfully converted to the

precursors  with higher ordering, whereas the mesophase  with
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octadecyltrimethylammonium cations exhibit a strong tendency to hold the layered nature.
On the other hand, the mesophase containing dodecy Itrimethy lammonium cations tends
to be converted to less ordered three dimensional structure at relatively higher pH region.
The width of the semi-squared pore of KSW-2 derived from
hexadecy Itrimethy lammonium cations is larger than that from tetradecyltrimethyl-
ammonium cations. The structure of the mesophase containing C;sTMA cations
collapsed after the heat treatment at 550 °C for 6 h. The mesophase derived from
C,TMA cations was calcined under the same conditions and the product was porous

with a very disordered structure.

Layered sodium disilicate 0-Na,Si,Os containing four-coordinated Al was
successfully prepared by heating treatment at appropriate temperatures, depending on
the Al contents. Al-containing 8-Na,Si,Os were transformed into Al-kanemite without
the variation of Al coordination. By the reaction of Al-kanemite with C;sTMA, 2-d
orthorhombic mesop orous silica (KSW-2) containing AlO4 units can be obtained. This
synthetic route was useful for the isomorphous substitution of Al atoms within the
silicate framework of KSW-2. The incorporation of Al affords the acid sites that are
more effective for the adsorption of cationic dyes than siliceous KSW-2. This study
reveals that the incorporation of other metal oxides into starting layered silicates is
feasible for realizing the compositional variation of ordered mesoporous silicas derived
from layered silicates, which would be applicable to various catalytic and adsorptive

reactions.

Mesoporous silica KSW-2 and the precursor are silylated by the reaction with
chlorotrimethylsilane and octyldimethlchlorosilane without the collapse of the
mesostructures. The semi-squared mesopores found only for KSW-2 and the precursor
are retained after silylation. The grafted numbers for the silylated derivatives derived

from the precursor are larger than those from KSW-2.  All the silylated derivatives show
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the lower values of BET surface area, pore volume, and width of the mesopore than those
for KSW-2 and the values for ODMS derivatives are lower than those for TMS
derivatives because of the steric hindrance. The hydrophobicity and the stability
against water vapor significantly increase by silylation. The calcined products of the
silylated derivatives have shorter widths of the mesopores than KSW-2. The wall
thickness and the width of the pore of KSW-2 can be tunable if silylating agents are
properly chosen. Therefore, the present results suggest possible molecular design based
on this mesoporous silica. Novel silica-organic hybrids are obtained by silylation of
mesoporous silica KSW-2 and the precursor. Because KSW-2 has a very unique shape
of mesopores, the organic derivatives should afford distinctive characteristics, such as
specific reaction media and adsorption sites, which other mesoporous silicas cannot
provide. Although the regularity of the silicate framework retained in the precursor was
not found for the silylated derivatives by powder XRD, there should be some ordering in
the framework because restructuring of the skeleton cannot occur during the silylation.
Further researches are required toward the construction of organically modified
mesoporous silicas with retaining a higher ordered silica network close to the original
structure, which would be realized under milder reaction conditions by using well

designed reagents.

On the basis of the reaction between kanemite and C;(TMA, mesostructured
materials were synthesized by using a-Na,Si,Os as a starting material. The effect on the
formation of mesostructured materials by the structural difference of sodium disilicate as
a starting material was studied.

In the system of C;(TMA/Si = 2.0, wormhole like mesoporous material formed from
hydrated a.-Na,Si,O5, while lamellar mesostructure material formed from kanemite. In
regarding to organic content, hydrated o-Na,Si,O5 has less anion charge density than
kanemite. Thus, C;(TMA ions with hydrated a-Na,Si,Os forms micelle structure more

easily than with kanemite and the hydrated a.-Na,Si,O5 with the micelle structure tends
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to form mesostructure.

On the other hand, in the system of C(TMA/Si = 2.0, ordered hexagonal
mesostructure forms from both hydrated a-Na,Si,Os and kanemite. The calcined
product, FSM-a, has higher thermal stability at 1000 °C than FSM because of the

condensation of silica framework.

This thesis shows synthetic strategy towards the variation of novel mesoporous
silica system derived from layered polysilicate by using surfactants with various alkyl
chain length, difference of structure in starting materials, and surface modification. The
formation mechanism of KSW-2 projected here is based on the bending of intralayer-
condensed silicate sheets of kanemite. Although the units are not fully retained after
calcination, this approach introduced here is promising to incorporate inorganic structural
units to mesostructured materials. The synthetic methods reported in this thesis are
applicable to the intended materials design, such as control of pore diameter,
hydrophobicity, catalytic property, for actual application in the area of molecular sieve,

catalysts, catalyst supports, adsorbents, inclusion vessels, and so on.
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