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PREFACE

Inorganic layered materials possess confined interlayer spaces in nanometer level
and lateral size in micrometer level, high surface area, and high accessibility. Layered
materials are host materials for intercalation of various guest species. The intercalation
compounds have been widely applied for polymer nanocomposites, adsorbents, catalysts,
catalyst supports, and cosmetics. The host-guest interactions strongly affect the reactivity
and selectivity of intercalation reactions. Especially, electrostatic interactions are relatively
strong, and are commonly used. The combinations of ionicity of host-guest species are
anion-cation, cation-anion, and neutral-nonion. The selection and control of the layer
charge are fundamental study for precise design of layered nanomaterials. However, these
conventional methods have been limited in inorganic synthesis. If overall control of layer
charges in anion-nonion-cation is achieved, designability of nanostructured layered
materials will be expanded significantly.

Layered silicates, whose frameworks are composed of only SiO, tetrahedra,
should be suitable for various surface modifications. Layered silicates have SiOH/SiO™
groups on the interlayer surfaces and exchangeable interlayer cations. Various guest
species have been intercalated via many kinds of reactions such as cation exchange,
acid-base reaction, and adsorption by van der Waals force. In addition, covalent
modification such as silylation and condensation of SIOH/SiO™ groups has been achieved.

This thesis summarizes the covalent modifications of layered silicates for layer
charge control, and their transformations into nanostructured materials. I adopted two ways

to achieve them. One is intralayer condensation of anionic SiO™ groups for intercalation of



nonionic surfactants. This method is applied for enlargement of mesopores of 2-D
orthorhombic mesoporous silica. The other is capping of SiO™ groups by cationic silylation
reagents for a synthesis of anion exchangeable layered hybrids. The layered hybrid is
exfoliated into monolayer nanosheets.

This thesis is composed of 7 chapters.

Chapter 1 summarizes the background and objective of this thesis by the overview
of conventional studies of layered silicates. Significance of layercharge control by covalent
modification is also briefly described.

In chapter 2, a novel method for intercalation of nonionic surfactants into cation
exchangeable layered silicates is reported. Layered silicate kanemite with flexible layers
was  preliminarily  reacted  with  hexadecyltrimethylammonium  (C;sTMA).
CisTMA-kanemite is reacted with an aqueous solution of nonionic surfactants of
poly(oxyethylene) alkyl ether (C,EO,,). A small amount of C,EO,, was intercalated and
Ci6TMA ions were remained. The product was treated with acid in C,EQO,, solution. The
obtained final product includes only C,EO,, in the interlayer, and has large d-spacing (5.5
nm). Therefore, deintercalation of cationic C;(TMA and intercalation of C,EQO,, are
achieved. Decrease of layer charge by condensation of SIOH/SiO™ groups is important for
the intercalation of nonionic C,EQO,,. The C,EO,,-intercalated kanemite shows a reversible
adsorption of n-decane and water. This property is advantageous for application of
amphiphilic adsorbents.

Chapter 3 describes and discusses the mechanism of the intercalation reaction of
C.EO,, into C;sTMA-kanemite. The effect of the density of SiOH/SiO groups for
intercalation reactions was investigated. The density of SiOH/SiO™ groups of

Ci1sTMA-kanemite was varied according to the preparation temperature. With the decrease
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of the density of SIOH/SiO™ groups, the intercalated amount of C,EO,, was increased. On
the other hand, 2D-NMR spectrum of C,EO,-intercalated kanemite shows that both alkyl
chains and oxyethylene chains were interacted with silicate layers. Thus, the
hydrophobicity of interlayer surfaces which was obtained by condensation of SIOH/Si0™
groups enhances the intercalation of C,EQO,,.

In chapter 4, the intercalation method of C,EQO,, is applied for the enlargement of
pore size of 2-D orthorhombic mesoporous silica. In a previous report, careful acid
treatment of C;sTMA-kanemite induced the transformation into 2-D orthorhombic
mesostructure via bending of silicate layers (KSW-2). However, the pore size control of
KSW-2 had not been achieved yet. In this study, CicEO;¢p was added to a solution for the
acid treatment due to intercalation of bulky CicEO;( into mesopores. The acid treatment in
the C16EO solution induced three simultaneous reactions of (i) intercalation of C;sEOy,
(i1) deintercalation of C;cTMA cations, and (iii) mesostructural transformation from
lamellar to 2-D orthorhombic phase. Depending on the concentration of CicEO, the di;
spacing of the products after the acid treatment varied from 4.0 to 5.4 nm. This method
provides a precise control of pore size of KSW-2 type mesoporous silica.

Chapter 5 reports the synthesis of anion-exchangeable layered silicates
immobilized with ionic liquids containing cationic imidazolium groups. The confronting
arrangement of SiIOH/SiO™ groups on layered octosilicate is essential for the bidentate
immobilization and high degree of silylation. Two cation exchangeable sites of the
SiOH/SiO™ groups on octosilicate were stoichiometrically converted to one anion
exchangeable sites of imidazolium groups. Anion exchange capacity (AEC) of the product
was 2 meq/g. The affinity of these materials for CI', Br, I', and NO;~ was quite different

from that of LDH. The layered hybrid is stable at pH 1.0, which is in clear contrast to the
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behavior of LDHs. The layered hybrid is applicable as a drug carrier of prodrug in oral
administration.

In Chapter 6, exfoliation of anion exchangeable layered hybrid, obtained in
chapter 5, is examined in water for preparation of silicate nanosheets. An aqueous
suspension of the anion exchangeable layered hybrid was stirred with ultrasonication, and
then exfoliated monolayer nanosheets were obtained. This is the first report of exfoliation
of layered silicates into monolayer nanosheets. Regardless of the compositions, this is also
the first report of full exfoliation of cationic nanosheets in water. The use of water as a
solvent is advantageous from the viewpoint of green chemistry. The mechanism of the
exfoliation is discussed by comparison with other layered hybrids. High hydration property
of imidazolium groups on silicate layers leads to the swelling and further exfoliation into
nanosheets. In addition, a transparent and colorless spin-coated film was successfully
obtained on a glass substrate from the colloidal aggregates of the nanosheets. The
spin-coated film was soaked into an aqueous solution of Orange II which is an anionic dye.
Then, an orange-colored transparent film was obtained, suggesting the applicability for
host material of functional species.

Chapter 7 summarizes the studies investigated in this thesis and discusses the
outlook of covalent modification of layered silicates.

This thesis demonstrates that precise design of SiOH/SiO™ groups makes it
possible to control the interlayer environments including layer charges. In addition, I claim
that this design of layer charge is valuable for transformation into novel nanostructured

materials.
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Chapter 1

Introduction

1. Layered Silicates

1.1. Layered materials

Inorganic layered materials, which possess frameworks with high aspect ratio and
two-dimensionally confined nano-spaces in the interlayers, have been utilized for various
applications, such as adsorbents, catalysts/catalyst supports, ion exchangers, and fillers for
resins. Many inorganic layered materials (host materials) can accommodate various guest
species in the interlayer spaces by using various interactions via intercalation reaction.
Surface properties of layered materials, such as their polarity and ionicity, are important
for the intercalation. From a view point of ionicity, inorganic layered materials can be
classified into three categories as follows; (i) Cation-exchange layered materials, which
have negative charge in the layers, such as layered clay minerals, layered metal oxides, and
layered silicates, (i1) Anion-exchange layered materials, which have positive charge in the
layers, such as layered double hydroxides (LDH), and (iii) Neutral layered materials, such

as graphite and layered chalcogenides. There are numerous studies on layered clay



Chapter 1

minerals, in particular, organically modified clay minerals by ion exchange with cationic
organic substances are extensively studied and many recent excellent literatures are

available.!'"!!]

1.2. Layered silicates

Crystalline layered silicates,!'*"!

whose frameworks are composed of only SiO4
tetrahedra, possess interlayer exchangeable cations that are often hydrated. Although
layered silicates are cation-exchangeable, layered silicates have some differences from
layered clay minerals. Layered silicates have interlayer silanol groups. The origin of
negatively charged sites is SiO  groups while that of clay minerals arises from
isomorphous substitution of trivalent ions with divalent ions in the layers. In clay minerals,
the exact position of substitution sites is very difficult to define except for a few reports of
anionic clay LDH."'¥ In contrast, the ordering of SiOH/SiO™ groups, namely cation
exchangeable sites, of layered silicates can be defined specifically on the basis of their
crystal structures.

Natural sodium layered silicates, for example magadiite (Na,Sij4050-xH,0),[">!"!
kenyaite (NaQSi22045~tzO),[15’18] makatite (NaZSi4010-5H20,[19'2” and kanemite
(NaHSi,05-3H,0),2?% are constantly studied. The crystal structures of makatite and
kanemite are determined. The silicate frameworks of both kanemite and makatite are
composed of only six-membered rings with O (O /HO)Si(OSi)3) environmental silica
species (Figure 1). The both silicate layers are only single layer of SiO4 tetrahedra. In the
case of kanemite, the ordering of SiOy tetrahedra is crank-like along c axis (Figure 1a). The

silicate layer of makatite has zigzag ordering along ¢ axis (Figure 1b). On the other hand,

crystal structure of magadiite and kenyaite has not been well known. Especially, magadiite
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is one of the most frequently studied layered silicates. Structure analysis and determination

of crystal structure of magadiite should be important study in future.

(a) kanemite (b) makatite

Figure 1. Crystal structures of (a) kanemite and (b) makatite.

Sodium layered silicates have been also obtained by synthesis for example
octosilicate (Nag[Si3206(OH)s]-32H,O also known as ilerite or RUB-18),273%
a-NaZSizOs,BS] B-Na,Si,0s, (36] as-NazSizOs,[3 "l and B-NazsizOng] (precursor of kanemite).
In addition, layered silicates including other alkali cations are also well known such as
apophyllite,[39] KHSizO5,[4O] LiNaSi,0s5-2H,0 (named as silinaite),[41] Li,S1,0s, K2$i205,[42]
Nay 55Ko4581205,1*! NaKSi,Si,0s, Nag7K 13351205, **1 Cs[Si;04(OH)], CsHSi;07,*
Rb[Si306(OH)],[47] and K4[H4SisO0Hs] (named as K-LDS)[48'49] In usual, frameworks of
layered silicates are composed of @° ((O/HO)Si(OSi)s) and/or Q4 (Si(OSi)4) units.
Arroyabe et al. reported unusual single-layer silicate (K,Ca4SisO,;) containing O

((O/HO),Si(0Si),) and Q° units.>"

1.3. Layered zeolites
Interlayer cations are not limited to metal cations. Quaternary ammonium cations,

for example, trimethylammonium (TMA) cation, are well known as the structure directing
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agents (SDA) of zeolites. Zeolite is composed of SiOs tetrahedra which are partly
substituted with AlO4 tetrahedra. Although almost all zeolites contain 3-D connecting
porous structures, some zeolites (or their precursors) have layered structures. They can be
categorized as layered silicates because of their layer frameworks composed of SiOy4
tetrahedral units and SIOH/ SiO™ groups on the layer surfaces.

The early reports of layered zeolites are EU-19,°'%! MCM-22,"*) and precursor
of FER-type zeolite (PREFER)."*>*! Gies and co-workers synthesized a layered silicate
named as RUB-15 possessing a unique framework which is composed of a segment of the
sodalite cage.”® Subsequently, they reported a similar layered silicate (RUB-51).°7 The
framework is same as that of RUB-15 but the stacking sequence of the layers is different
from that because of the structure of SDA of benzyl trimethylammonium hydroxide. A
layered silicate with a unique helical morphology, named as HLS, has been synthesized by

H B8 Furthermore, there are

using tetramethylammonium hydroxide (TMAOH) and NaO
various layered zeolites, such as MCM-47,1") MCM-69,! MCM-65,1°" PLS-1,1
ERS-12,1* Nu-6(1),*% and RUB-39.[¢"]

Jeong and Tsapatsis et al. reported layered silicates, denoted as AMH-3, with 3-D
microporous layers.®® Normally silicate layers are used as a sort of “plate”, but these
studies inspire us that the inside of layers is quite important for embedding porosities
and/or functions. In recent years, the Ryoo group has synthesized zeolite nanosheets with
single-unit-cell thickness by using carefully designed diquaternary ammonium-type

6979 The down-sizing into nanometer sized layer thickness of zeolite is a

surfactants.!
breakthrough in zeolite science. Layered silicates can be regarded as an assembly of

single-unit-cell nanosheets. Accordingly, layered silicates have a potential to contribute to

the design of new silica-based materials with unique and advanced functions. The presence
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of reactive SIOH groups on the interlayer surfaces should also widen the possibilities by

incorporating various functional groups into the interlayer surfaces.

2. Non-Covalent Modification of Layered Silicates

2.1. Intercalation reactions

Intercalation reactions of layered silicates (and the corresponding layered silicic
acids) are driven by hydrogen bonding, cation exchange, dipole-dipole interaction, van der
Waals force, and acid-base reaction.!'” These intercalation reactions without covalent
bonds are denoted as non-covalent modifications.

One of the most studied intercalation reactions of layered silicates is cation
exchange. Interlayer cations, such as alkaline metal cations, in layered silicates can be
exchanged with various inorganic and organic cations. Iler et al.*”’ reported the cation
exchange reaction of layered silicate with metal cations (Li", Na", Mg2+, Ni2+, and Cu2+)
and hexadecyltrimethylammonium cation. Nowadays, layered silicates are used for
softener of water by using the cation exchange property for divalent cations in water.””'”
In addition, very recently, it has been reported that magadiite exhibits selective adsorption
of Zn*" from seawater.!””! Eu’" cation was also intercalated into magadiite.”"! Heat
treatment of Eu’'-intercalated magadiite leads Eu’’-rich silicates. The condensation
between layers is advantageous for preparing separated Eu’” in solids. Ogawa et al. studied
the photoluminescence of Eu’" intercalated various layered silicates (kanemite, octosilicate,

magadiite, and kenyaite).””) The luminescence intensity was affected by the layer

thickness because of the spatial separation of Eu’" in the direction perpendicular to silicate
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sheets on the luminescence self-quenching.

Exchange reaction of interlayer cations with proton is important for the following
intercalation processes because alkali metal (mainly sodium) cations hinder other
intercalation reactions because of stronger interlayer interactions between the cations and
interlayer surfaces. Protonated layered silicates are host materials for alkylamines which
are intercalated by acid-base reactions between SiOH and RNH,."®”” Polar organic
molecules, such as formamide and dimethylsulfoxide, can also be intercalated into
protonated layered silicates.”””®

Intercalation of organic cations was studied in the early stage of the study on
chemical properties of layered silicates. Lagaly et al. investigated the intercalation of
alkylamine, quaternary alkylammonium, and alkylpyridinium cations into magadiite.l””!

These intercalation compounds have been utilized for intermediates for silylation reactions

because of large interlayer space and hydrophobicity of interlayer region.

2.2. Transformation into mesoporous silicas

Hybridization of alkyltrimethylammonium and layered silicates made
breakthrough of the unique scientific area of mesoporous silica. Yanagisawa and Kuroda et
al. reported first achievement of synthesis of mesoporous silica obtained by reaction of
kanemite with aqueous solutions of alkyltrimethylammonium in a conference abstract in
1988*% and a full paper in 1990.*") Nowadays, mesoporous silicas are industrially
manufactured (named as TMPS, TaiyoKagaku Meso Porous Silicas) in Japan, and
developed for applications such as adsorbates, fillers, and catalyst supports.

]

Although silica source is mainly monomeric species in later,* mesoporous

silicas derived from layered silicates are also studied and indicated unique properties. The
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development of mesoporous silica derived from layered silicates is summarized in review

by Kimura and Kuroda (Figure 2)®12.p hexagonal mesoporous silica named as FSM-16

(84]

was synthesized from kanemite,™ and related mesoporous silicas were reported.!*>**!

Other layered silicates such as a-Na,Si;Os and makatite are also utilized for the

86,89

synthesis.****! These mesoporous silicas are formed through partial fragmentation of

silicate layers.

Bendi
Variation of silicate framework b
Intralayer P 4 / Wit A
condensation? - Ighly ordae
(2-D Orthorhombic)
amy
Layered polysilicate ==y g
No. Ay
- < Lamellar
Yes. Higher
ion?
Fragmentation? fragmentation
High pH? No
Slow reaction? m Less ordered
Yes
Reactivity with C,;TMA cations Highly ordered
(2-D hexagonal)

Figure 2. Schematic formation routes of mesostructured C;sTMA-silicates derived from layered

silicates.'®

Lamellar hexadecyltrimethylammonium intercalated kanemite
(C16TMA-kanemite®) was transformed to 2-D orthorhombic structural mesoporous silica
named as KSW-2P" through bending of the silicate layer. Titanium grafted KSW-2
showed a higher catalytic activity than those onto FSM-16 and MCM-41 grafted in the
same manner, indicating that the periodicity in the framework influenced the catalytic
activity due to the heteroatoms fixed at the silicate surfaces.” Although calcination to

remove surfactant lead deformation of periodicity in the silicate frameworks of KSW-2,
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the crystal structure can be retained by using precise modification of as-synthesized

]

KSW-2 using molecularly designed silylating agents (Figure 3).”*! The crystalline

frameworks from layered silicate are necessary for this unique capping process. On the

other hand, C;sTMA-Octosilicate was transformed to mesoporous silicas via hydrothermal

reaction.”+% Layered silicates are also used for silica source for zeolites. 2104

(A) (B)

Vs ~4,

Alkoxysilylation | (RO)SICl3
As-synthesized KSW-2
¥
Hydrolysis ’ >ylamd KSW-2

of alkoxy group
Y >
Square-type mesoporous silica
with designed molecular ordering

Figure 3. (A) Schematic formation process of KSW-2-based mesoporous silica with molecularly
ordered frameworks formed by silylation. (B) Ideal structural model of KSW-2-based mesoporous

silica with pore walls reflecting completely the crystal structure of a layered silicate kanemite.””

2.3. Outlook of non-covalent modification of layered silicates

Designable regions of stacked layers can be classified into three parts as follows;
1) Interlayer space, i) Intralayer framework inside layers, and iii) Interlayer surface, the
interface between interlayer space and intralayer framework.

Non-covalent modifications are applicable for adsorbents of cations in water,
organically modified fillers for nanocomposites, and intermediates for mesoporous silicas.

In addition, the variety of guest species is wide because of various interactions. However,
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non-covalent modifications can only tune the property of the interlayer space. It is very
difficult to immobilize guest species with defined locations and to prevent the release of
guest species. In general, the distances of guest species should be controlled precisely for
applications, such as single-site heterogeneous catalysts and photofunctional species whose
properties are very sensitive to distances. The applicability of non-covalent modifications
for these sophisticated purposes is quite limited because of the uncontrollability of the

location of guest species.

3. Covalent Modification of Layered Silicates

Layered silicates can be modified covalently (covalent modifications), such as
condensation, silylation, and esterification of SiOH/SiO groups (Figure 4). Layered
silicates possess high surface area, and all SIOH/SiO™ groups are located on the surface
with well ordering. Therefore, layered silicates can be regarded as a model substance of
covalent modification of crystalline inorganic surfaces.

The covalent modifications make it possible to design all the above three regions
of layered silicates. Utilizing the crystal structure of the host layered silicates, the density
and distance of immobilized functional groups can be deliberately controlled at the
angstrom level in two-dimensionally confined spaces. Interlayer surfaces have been
modified by silylation or esterification with various functional groups, and the obtained
hybrids are applicable for selective adsorbents, supports of nanoparticles, and building
units for nanomaterials etc. Building up of crystalline structures of intralayer frameworks

has also been achieved by precise alkoxysilylation of octosilicate and condensation of
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silanol groups in the same layers. These covalent modifications are bottom-up approach to
create new crystalline layers. Interlayer spaces have been transformed to 3D nanoporous
structures by both interlayer condensation and pillaring with inorganic robust species. The
size of nanopores can be tuned by selecting pillaring reagents, such as monomeric
silylation reagents and phenylene-bridged ones, which may be important for specific

catalytic reactions.
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Figure 4. Overview of chemical modification of layered silicates.
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4. Silylation Reactions for Structural Design

4.1. Silylation reactions of silanol groups of silica

SiOH groups on silica surfaces can be covalently modified with silylation
reagents with chlorosilyl groups or alkoxysilyl groups.'*'%! Organochlorosilanes reacts
with silanol groups as follows.

=Si-OH + Cl,-SiR3., — (=Si-0),-SiR3., + x(HCI)
Because of the high reactivity of chlorosilyl groups, this reaction proceeds at room
temperature. Silylation reaction is also achieved with organoalkoxysilanes as follows.
=Si-OH + (MeO),-SiRj;., — (=81-0), -SiR;. + x(ROH)
The advantage of using organotrialkoxysilanes is relatively high stability of silylation
reagents. However, higher temperature and/or the addition of acid are needed for high
degree of silylation.

In general, silylation reagents with three attachable sites (e.g. triethoxysilyl and
trichlorosilyl groups) are immobilized onto silica surfaces with from one to three covalent
bonds, and the Si atoms become 7' (RSi(OSi)(OR),), T*(RSi(OSi),(OR)), and
T*(RSi(0Si)3) environments. Silylation reagents with two attachable sites are converted to
immobilized silyl groups with mixed environments of D' (RySi(OSi)(OR)) and D’
(R2Si(OS1),). In addition, residual hydrolyzed silanol groups of silylation reagents can be
condensed between adjacent reagents, depending on their locations. Although silylation
reagents with one attachable site are immobilized to form only M'(R3SiOSi) environment,
their silylations with high degree are quite difficult because of steric hindrance.

Consequently, in order to carry out quantitative and regulated silylation of the

surfaces of silica, amorphous silica is not so appropriate and the use of crystalline layered

11
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silicates as the scaffolds is quite meaningful and useful, because the immobilization states
and distribution of silyl groups can be controlled.

Silanol groups on both interlayer and outer surfaces of layered silicates can be
silylated, but the surface areas of outer surfaces are much smaller than those of interlayer
surfaces because numerous layers are stacked. In addition, outer surfaces cannot be used as
confined space. Thus, the effect of silylation of outer surfaces is smaller than that of

interlayer surfaces, except the dispersibility of particles of layered silicates in solvents.

4.2. Immobilization of alkyl groups and related groups

The first study of silylation reaction onto layered silicates was reported by
Ruiz-Hitzky and Rojo in 1980.'7 Protonated layered silicates (e.g. magadiite) were
treated with polar organic solvents, such as dimethylsulfoxide (DMSO), for the expansion
of the interlayer spaces. Hexamethyldisilazane was also used as a reagent. The silylated
layered silicates can be regarded as a new family of macromolecular organosilicon
compounds and named as planar silicone. This discovery indicated that silanol groups of
layered silicates can be used as reactive group for this kind of organic reactions.
Ruiz-Hitzky, Rojo, and Lagaly studied the mechanism of silylation reaction by using
various organosilanes such as (chloromethyl)dimethylchlorosilane,
dimethylphenylchlorosilane, triphenylchlorosilane, and hexaethyldisilazane as follows.!'*®!
(1) It is necessary for silylation that hydrogen bonds between interlayer surfaces are
attenuated by intercalation of polar organic solvents. (ii) Diffusion of silylation reagents
occurs simultaneously with desorption of the polar organic guest molecules.

Dodecyltrimethylammonium (C;2,TMA) intercalated layered silicates, such as

magadiite, kenyaite, and layered octosilicate, can be used for silylation reactions with

12
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trimethylchlorosilane, diphenylmethylchlorosilane, triethylchlorosilane,
triisopropylchlorosilane,  butyldimethylchlorosilane, octyldimethylchlorosilane, and
octadecyldimethylchlorosilane."®''?! Octyltriethoxysilane was also used for silylation.!'"?!
The disadvantages of using polar organic solvents for intermediates are (i) relatively
unstable in air and (ii) the basal spacing could not be enlarged over the unimolecular
thickness. The alkyltrimethylammonium intercalated layered silicates are stable and the
guest molecules cannot be eliminated by washing with acetone. In addition, the basal
spacing of intercalated compounds is larger than 2 nm and adjustable by choosing the
length of alkyl chain. Bulky silylation reagents, such as octadecyldimethylchlorosilane, can
be immobilized into interlayers.''?! Nowadays, silylation reaction of layered silicates are
usually achieved with alkyltrimethylammoniums (such as C;;TMA and C;(TMA) or
alkylamines intercalated intermediates.

Ogawa et al. reported that the surface properties of layered silicates can be
designed to bind guest species by controlling the degree of silylation as well as the use of

organochlorosilanes with different functionalities.!''

Magadiite was silylated with
octyltrichlorosilane  or octyldimethylchlorosilane. The silylated product with
octyltrichlorosilane adsorbed n-octanol in the interlayer unlike the product with
octyldimethylchlorosilane did not. When the degree of silylation was decreased, both the
products adsorbed n-octanol. Considering the fact that n-decane was not intercalated into
both of the products, the interactions between the hydroxyl groups of alcohols and surface
SiOH groups on the layer were thought to be important for adsorption. Such a silylation
process of layered silicates is effective for the design of interlayer microstructure though
immobilized group is simple alkyl groups.

Adsorption properties of alcohols into silylated layered silicates were investigated

13
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13161 arger amounts of

in detail by using silylated magadiite with octyltrichlorosilane.!
alcohols were adsorbed onto the derivatives with lower degree of silylation, indicating a
possible control of the interlayer nanospace by varying the amount of grafting alkylsilyl

[115

groups.!'"®! In addition, 1-hexanol was adsorbed preferentially from a 1-hexanol/1-butanol

(16} This concept of selective adsorbents was

aqueous mixture under limited conditions.
applied to molecule-specific adsorbates by using layered titanate. Ide and Ogawa reported
that layered titanate immobilized with two different organic functional units (alkyl and
phenyl groups) specifically adsorbed 4-nonylphenol (NPh) which is known as a
contaminant of water.!"'”)

Toriya et al. reported that immobilization with trimehylchlorosilane onto layered

118]

silicate indicated interesting adsorption properties.! Trimethylsilylated-kanemite

adsorbed benzene rather than water. Perfluoroalkylsilylation, instead of alkylsilylation, of
layered silicate is advantageous for the stability and film-forming ability.'"”!
C12,TMA-magadiite reacted with [2-(perfluorohexyl)-ethyl]dimethylchlorosilane showed
high thermal stability decomposition at 400 °C which is much higher than
octyldimethylsilylated-magadiite (230 °C).

The defined crystal structure of layered silicates is essential for the discussion of
structural details of the silylated layered silicates. The crystal structure of kanemite was
determined by Vortmann and Gies and co-worker.*” Silylation of kanemite with mono-,
di-, and trichloro(alkyl)silanes was performed by Shimojima et al'** Kanemite is
composed of single layered silicate sheets of six-membered rings. Additional five- and
six-membered rings were formed when dichloro- and trichloro-(alkyl)silanes were used.

The *’Si MAS NMR spectra of alkyltrichlorosilylated kanemite products showed signals

assignable to 7° (RSi(OSi),(OR)), T° (RSi(0OSi)3), O°, and O* environments due to the

14
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Figure 5. *’Si MAS NMR spectra of alkyltrichlorosilylated kanemite. Alkyl chain length are (a)n = 1,
b)yn=2,(c)n=4,(d)n=8,(e)n=12, () n = 16, and (g) n = 18.'*"

attached alkylsilyl groups (Figure 5). The existence of 7° signals indicates condensation of
silylation reagents each other. The degree of silylation was varied from 63 to 73%
calculated from Q*/(Q® + Q% ratio. Well-ordered (such as only 7%) and full silylation has
not been achieved with kanemite. Kanemite has high density (5.6 groups/nm®) of
SiOH/SiO™ groups on the surface because all silicon atoms are Q° environment (Figure 1a).
The SiOH/Si0™ groups are too close for well-ordered and full silylation.

Immobilization of silylation reagents with alkyl groups provides general features
of silylated products because of its simple structures. Such silylation reactions are

advantageous for us to compare the similarities and/or differences among the reports on
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this topic. The application of the hybrids obtained with alkylsilylation reagents is mainly
studied as selective adsorbents. This selectivity depends on the geometrical ordering and/or

packing of silylated groups in the two-dimensionally confinement of the interlayer spaces.

4.3. Immobilization of alkoxy groups and creating the new frameworks
As described above, silylation reaction onto the crystalline kanemite surface leads
to the immobilization with multiple environments because of the condensation between

[120

adjacent reagents.!"*”) On the other hand, the distance among Si-OH and/or Si-O sites of

layered octosilicate, which are arranged along one axis, is different from that along the

1391 The bonding direction on the interlamellar surfaces should be arranged regularly

other.
when appropriate silylation reagents are grafted (Figure 6). It should be proposed that

layered octosilicate has the most suitable structure for the precise control of silylation.

- -
B .,

're q
.

.
“am=®

Figure 6. Crystal structure of layered octosilicate. The ellipsoids indicate confronting SiOH/SiO
groups. The dashed lines mean the groups on the back side of the layer.
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A new crystalline silicate structure is created by grafting of dialkoxydichlorosilane
on octosilicate (Figure 7)."*"! #Si MAS NMR spectra of the silylated products show the
signals due to dialkoxysilyl ((RO),Si(OSi),, R = alkyl) groups with O’ units. About 90% of
the interlayer surface reactive sites are silylated. The powder XRD profiles, exhibiting a
crystalline silicate framework with many peaks at higher angles, are due to the ordering of
the framework, which has not been observed for all other silylated derivatives of layered
silicates and silicas. The dialkoxysilyl groups are grafted in a controlled manner to form
new five-membered rings regularly on the silicate layers. The products are a new type of
layered silicates with thicker layers where only Q" and O units are present. In addition,
alkoxy groups can be hydrolyzed and formed new SiOH groups. The one layer of SiO4

tetrahedra was added to pristine octosilicate layers.

ﬁﬁ:‘u

s
CI "&0R (R = alkyl) &) =Si0q

Rar® RepyR R__R
RVI/?. R%, rV
LA

o =Si

Figure 7. Grafting of dialkoxysilyl groups onto octosilicate. Red tetrahedra indicate the additional

silicate framework by silylation with well ordering.[m]
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Figure 8. Powder XRD patterns of (a) octosilicate, (b) C;;TMA-intercalated octosilicate, and (c)

dichlorodioctoxysilylated octosilicate.!'*"!
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Figure 9. (A) Scheme of silylation of octosilicate by alkoxytrichlorosilane and hydrolysis of the
silylated product. (B) Proposed crystal structural simulated model of the products after hydrolyzed by
the posttreatment with a water/DMSO (product 1) or water/acetone (product 2). Perspective view of (a)

product 1 and (b) product 2 along b axes. Location of acetone in the cage of product 1: (¢) view along a

axis and (d) view along b axis, respectively.!'**]

Subsequently, constructing of silica nanostructure based on the silylation of
octosilicate with alkoxytrichlorosilanes and the reaction within the interlayers was
achieved (Figure 9).'*! The silylated product has alkoxy and chloride groups, and

hydrolysis of these groups by H,O/DMSO mixture led to the formation of a unique
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crystalline layered silicate with geminal silanols. Interestingly, the 2-D layers were
subsequently transformed to 3-D networks when acetone was used instead of DMSO
during hydrolysis. The acetone molecules are trapped within the 3-D structure (Figure 9B).
The formation of these unique 2-D and 3-D silica structures indicates the potential of the
silylation reaction for precise design of various silicate structures at the molecular level.
Silylation of alkoxytrichlorosilane was also performed with magadiite and

1123} The silylated magadiite was transformed into porous 3-D structure through

kenyaite.
hydrolysis and condensation of interlayer silanol groups. However, the nanostructure from
kenyaite retains the 2-D structure without condensation. This difference is possibly
attributed to the original layered silica structures. Thus, not only silylation reagents but

also layered silicate with suitable crystal structure should be carefully selected for the

precise design of structure of silylated layered silicates.

5. Silylation Reactions for Functional Design

5.1. Immobilization of amine groups and their utility
Aminopropyltriethoxysilane (APTES) is one of the frequently used silylation
reagents because of their wide variety of utility. Immobilization of APTES onto the

124-125

interlayer surfaces of magadiite and kenyaite is reported.! ' Leu et al. reported that

APTES-immobilized kenyaite was used as an intermediate for layered silicate/polyimide

[126] Poly(amic acid) with anhydride end groups was reacted with APTES

nanocomposites.
immobilized kenyaite for covalent immobilization of polyimide onto the layer surfaces.

The nanocomposites indicate a maximum increase of 36 °C in the degradation temperature
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and a maximum reduction of 54% in moisture absorption.
Zhang et al. studied the utility of amine-functionalized magadiite for selective

adsorption of metal cations.["*”!

A silylation reagent including two amine groups
(3-(2-aminoethylamino) propyltrimethoxysilane, denoted as AAPTMS) is immobilized
onto magadiite. AAPTMS-immobilized magadiite is applicable for selective adsorbents of
Cu”". The two amine groups of silylation reagent are effective as ligand and trap for Cu*"
in diluted aqueous solutions. Airoldi group also studied the utility of layered silicates
immobilized with various silylation reagents including amino groups for selective

adsorbents.!'®"*?! Silylation reagents with one (APTES), two (AAPTMS), and three

(N-3-trimethoxysilylpropyldiethylenetriamine) amino group(s) are immobilized onto

128] [130-132] g

kenyaite! or layered octosilicate. [3-(triethoxysilyl)propyl]tetrasulfide and

(1281291 Thege functionalized

3-cyanopropyltriclorosilane are also used for silylation.
layered silicates have an ability to remove divalent cations, such as Co’", Ni*", Cu®", Zn*,
Cd**, and Hg*" from aqueous solutions.

Ishii et al. reported the silylation of n-hexylamine intercalated octosilicate with

p-aminophenyltrimethoxysilane (APhTES).!'*]

The obtained product contains both
n-hexylamine and APhTES in the interlayer space (Figure 10). The subsequent ethanol
treatment leads to the removal of n-hexylamine and immobilization of APhTES. However,
these products have no microporosity. The excess APhTES molecules and oligomers are
removed by acid treatment. Residual immobilized APhTES bridge the adjacent layers, and

produce the microporosity. This rigid phenylene functional group is advantageous for

pillaring of interlayer space.
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Figure 10. Structural models of (a) APhTES reacted n-hexylamine- intercalated H-octosilicate, (b) after

stirring in ethanol, and (c) acid treatment.!'*”!

5.2. Immobilization of thiol groups and their utility

Ogawa, Ide, and co-workers have studied the immobilization of thiol group onto

(1341361 Thiol group is usually used for modification on the surfaces of gold.

layered silicates.
Layered octosilicate is silylated with 3-mercaptopropyltrimethoxysilane (MPTMS), and
the hybrid (MPS-Oct) is used for preparation of Au nanoparticles in the interlayer
space.**! Although the height of the interlayer space is 1.1 nm, the lateral size of particles
is 4.8 nm on average (Figure 11). Therefore, the morphology of the Au nano particles is
thought to be disc-like or polygonal plate-like. The two-dimensional interlayer space

directs the formation of platy Au particles. This method is applied for layered titanate.!'*”
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Figure 11. TEM image of Au nanoparticles immobilized on MPS-Oct (scale bar: 50 nm). Inset shows

the size distribution of Au nanoparticles and the magnified TEM image (scale bar: 25 nm).!"*

Au nanoparticles are created in the interlayer space of MPTMS-immobilized layered
titanate. This nanocomposite is found to catalyze the oxidation of aqueous benzene to
phenol by visible light irradiation. In addition, the photocatalytic reaction is substantially
accelerated to a higher yield and selectivity of phenol formation when the reaction was
conducted in the presence of aqueous phenol.

Thiol groups immobilized on layered octosilicate can be converted to sulfonic
acid groups by oxidation with nitric acid.!'"*® The sulfonated octosilicates swells in water.
The distance between the adjacent silicate sheets are varied with the surface coverage of
sulfonic acid, and the degree of swelling is controlled by the NaCl concentration in water.
The sulfonated octosilicates are well dispersed in water and formed transparent colloidal
suspensions. In general, layered silicates composed of only SiO4 tetrahedra indicate no
swelling with water and organic solvents. Silanol groups with high density on the
interlayer surfaces hinder the swelling because of hydrogen bond and strong electrostatic
interaction between SiO  and hydrated cations. Therefore, water-swelling of sulfonated
octosilicate is an important finding that leads to exfoliation of layered silicates. However,
exfoliation of the layer is not properly examined.

From the viewpoint of the functionalities of capping silylation reagents, chloride
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or ethoxy (or methoxy) groups are generally used for immobilization. Alkoxysilanes are
relatively stable and often used for modification of silica surfaces. However, the reactivity
of the alkoxy group is lower than that of chloro group. Reaction of alkoxysilanes onto
layered silicates often leads to low degree of silylation and partial condensation of each
silylation reagents. Ide and Ogawa developed an efficient way to immobilize alkoxysilanes
onto layered silicates with high degree of silylation.!'*”) C;,TMA-intercalated magadiite
was dispersed in toluene solution of MPTMS whose amount was equivalent to half of

SiOH/SiO™ groups. The mixture was concentrated for 1-2 hours at 90 hPa, 60 °C to

evaporate the solvent by using a rotary evaporator. All added MPTMS was immobilized
onto magadiite. With conventional reflux method, 85 % of MPTMS was immobilized
despite excess amount (28.5 equivalent of SiOH/SiO™ groups) of MPTMS. This solvent
evaporation method is very simple and should be applicable for various alkoxysilanes. This
method is one of the important methods to obtain high degree of silylation in short time.
MPTMS is widely used for modification of solid supports and self-assembled
monolayer (SAM). The thiol groups immobilized onto layered silicates can be regarded as
assembled monolayers with high ordering which is hardly obtained by SAM. I prospect
that both of the wide variety of applications and the high ordering of MPTMS will provide

more intelligent applications than conventional SAMs.

5.3. Multi-step immobilization of various groups

Some silylation reagents, possessing azobenzene!"**! for example, are synthesized
according to target properties, though various silylation reagents are commercially
available. On the other hand, immobilized functional groups on layered silicates are further

reacted with other reagents for materials design by using multi step immobilization. In the
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case of immobilization of allyldimethylchlorosilane onto magadiite and kenyaite,!'*"!

additional reaction of immobilized groups occurred. During the silylation reaction, HCl
(formed from reaction between -SiOH and -SiCl) reacted to allyl group and created new
-Si-O-Si(CHj3),0H groups. Although this is not multi step silylation reaction, it is
suggested that immobilized functional group can be used for additional reactions.
y-Methacryloxypropyltrimethoxysilane is immobilized onto magadiite and used

(1491 which provides a unique

for copolymerization with methylmethacrylate monomers,
pathway to prepare nanocomposites with covalent bonding, because normally
clay-polymer nanocomposites are prepared by the use of organoammonium exchanged
clays with various polymers with non-covalent interactions.

Shindachi et al. reported the multi-step immobilization of diarylethene.l"*'"'** The
first step is  immobilization @ of  bromo-terminated  silylation = reagent
(4-(bromomethyl)phenylchlorodimethylsilane) onto C;sTMA-magadiite. The second step
is reaction between immobilized bromo group and trialkylamine terminals on diarylethene
through the quaternization of amine groups. Covalently immobilized diarylethene exhibits
an improvement of photochromic reversibility if compared with LDHs.

Matsuo et al., reported three-step immobilization of pyrene chromophores. The
first step is immobilization of [2-(perfluorohexyl)-ethyl]trichlorosilane  onto
C1,TMA-magadiite."*) The second is immobilization of APTES to SiOH groups of the
silylation reagents and finally the third is reaction between 1-pyrenebutanoic acid
succimidyl ester and amine groups of immobilized APTES.

Specht et al. achieved two-step immobilization by using hydrosilylation.!'*"

Apophyllite is reacted with phenylmethylchlorosilane including Si-H group. The Si-H

groups of silylated apophyllite are reacted with octane, 3-buten-1-ol, and
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but-3-enyl-B-D-glucoside through hydrosilylation reaction.
Although multi step immobilization needs elaborate procedures, immobilized
groups can be varied widely. For example, mesoporous silica functionalized with azide

groups were used for covalent modification with various groups, such as enzymes,'*!

[146] [147]

snap-top groups for preadsorbed enzymes in mesopores,” - and fluorescent molecules,

1481 T expect that immobilized groups in layered silicates will also

through click chemistry.
be designed for further reactions with more intelligent covalent modifications and/or more

practical applications.

6. Esterification Reaction

6.1. Esterification of silanol groups with alcohols

SiOH groups of layered silicates can be esterified with alcohols. Mercier and
Detellier et al. investigated the reaction of ethylene glycol onto the interlayer surfaces of
H-magadiite."*’ N-methylformaide-intercalated magadiite is reacted with ethylene glycol
in a reflux condition. Two types of mobility of ethylene glycol in the interlayer region is
proved by "C CP/MAS NMR, suggesting that one is covalently immobilized ethylene
glycol onto the surface and the other is intercalated species without covalent bonds.

When H-magadiite is esterified with aliphatic alcohols, the esterification with
methanol (or CD;0D) is confirmed by 3C HD/MAS NMR and “H NMR.["" In addition,
aliphatic alcohols with various chain length (C,H,,+1OH, n=2,4,5, 6, 8,9, 14, and 16) are
used for esterification. The d-values of the esterified H-magadiite are almost constant,

suggesting that the alkyl chains are lying parallel to the interlayer surfaces. Butanol-treated
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H-magadiite shows a stable dispersibility in toluene although H-magadiite does not. A
transparent film was obtained by casting the solution on a glass substrate. Esterification of
silanol groups on the surface probably increases the stability of the particles in toluene.
Less than 24% of silanol groups of H-magadiite are esterified with various alcohols
(C,H2,+10OH, n = 1-16). The low activity of esterification and steric hindrance of the
immobilized alcohols should prevent further esterification with high density.

Solvothermal treatment of H-octosilicate with methanol leads highly ordered and
highly esterified layered organosilicate.'”! The degree of the esterification reached to 95%
by the solvothermal treatment at 120 °C for 200 h. Not only the crystal structure of layers
but also layer stacking sequence is investigated precisely, and such a report can be
regarded as a sort of standard case for study on interlayer esterification. The ab plane of
octosilicate is deformed with along both a and b axes (Figure 12 bottom) because the
repulsion of grafted methoxy groups enlarges the six-membered rings and expands the ab
plane (Figure 12B upper). The crystal system is transformed from tetragonal to monoclinic
with increasing the f angle (Figure 12 middle). Therefore, the esterification of silanol
groups with high degree strongly influences the overall crystal structure despite covalent
modification of only the interlayer surfaces. The crystal structures of covalently modified
layered silicates should be carefully analyzed even though only interlayer surfaces are
modified.

Esterification reaction is a soft and efficient way for covalent modification of the
surfaces of layered silicates. Esterification of layered silicates enables the design of the
surface properties such as dispersibility in toluene and transformation of crystal structure.
Chemistry of clay minerals shows that AI-OH groups of kaolinite are esterified with

alcohols.!**"*°l Methoxylated kaolinite can be used for intercalation of bulky molecules
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Figure 12. (A) Projection of silicate frameworks ((a) ¢ axis and (b) ab plane). Left: H-octosilicate based

—

a

on the crystallographic data. Right: Methoxylated octosilicate; this model was derived from the
molecular mechanics calculation. (B) Projections of structures of (a) H-octosilicate based on the
crystallographic data and (b) methoxylated octosilicate derived from the calculation. The pair of oxygen
atoms on (" silicons in the methoxylated octosilicate (b) are not equivalent to each other, labelled as (i)

and (ii).!"*!

which cannot be intercalated into pristine kaolinite.[">" "'

Consequently, further
intercalation reactions of methoxylated layered silicates is also interesting because their
surface properties are changed from that of pristine layered silicates via capping of silanol
groups. On the other hand, the variation of the alcohols used has been narrow so far.
Expansion of the variation of the alcohols should be achieved in order to design layered
silicates for various applications. It should also be noted that methoxylated octosilicate can

be considered as crystalline polymeric alkoxysilanes, suggesting the applicability for

building units of nanostructural materials with crystallinity.
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7. Condensation Reaction

7.1. Interlayer condensation

Silanol groups on the interlayer surface of layered silicates can be condensed
between layers, and transformed to 3-D structures retaining the crystallinity of the layers.
This transformation is called as topotactic conversion. The topotactic conversion via
interlayer condensation has received keen interests from the viewpoint of the synthesis of
zeolites from layered silicates (layered zeolites).!'*
Schreyeck et al. synthesized layered (alumino)silicate by wusing bulky

(534551 Interestingly, calcination of this as-made product leads to FER-type zeolite

template.
with the 3-D porous structure. A proposed structure of layered silicate (PREFER) is
composed of (100) ferrierite layers which are not interconnected (Figure 13). Millini et al.
also reported transformation of layered borosilicate of ERB-1 into MWW type zeolite by

calcination.!"®! However, the crystal structure of these layered silicates was not definitely

determined.

i

Figure 13. Proposed structure of PREFER.PY

Ikeda et al., synthesized a new layered =zeolite named as PLS-1

(Pentagonal-cylinder Layered Silicate) with shared faces of pentagon cylinders made up of
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five-membered rings, or pentasil rings.' After calcination of PLS-1, a novel zeolite with a
cylindrically double saw edged structure (CDS-1) is obtained as the result of
dehydration-condensation between the pentasil layers (Figure 14). The crystal structures of
both PLS-1 and CDS-1 were determined, and the topotactic conversion of PLS-1 to CDS-1

via interlayer condensation of silanol groups is clearly demonstrated.

Figure 14. Perspective view of the crystal structure of a) PLS-1 along the [001] (left) and [010]
directions (right) as well as b) CDS-1 along the [001] (left) and [010] directions (right). Color coding:
blue = Si, red = O, green =K, white = C, cerulean = N, sky blue = OH. CDS-1 consists of silicates layers
based on a framework of PLS-1 with 5MRs and forms 8MRs in the [001] and [010] directions.!*”

In the same year, Zanardi et al. determined the crystal structure of layered silicate
named as Nu-6(1) which can be converted to zeolite (Nu-6(2)) by topotactic conversion.'*®
The synthesis of Nu-6(1) and Nu-6(2) was already reported by Whittam in 1983.1°! The
structure of layered Nu-6(1) is based on the pentasil layer in EU-19°"?l and MCM-69.[°"
However, the different structure-directing agent (4,4 -bipyridine) used in the synthesis

gives rise to a different symmetry and stacking parameter. On the other hand, layered

silicate RUB-39/%") is also transformed to a 3-D structure named as RUB-41.['1 PLS-3 and
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PLS-4, whose structures are similar to those of PREFER and RUB-36, are converted to
FER- and CDO-type zeolites.!'”” Boron-incorporated CDS-1 is synthesized from PLS-1
containing boron.!'®!

The topotactic conversion via interlayer condensation is achieved with not only
layered zeolites but also layered silicates with thinner layers. Topotactic conversion of
layered octosilicate into a 3-D structural zeolite (RUB-24) was reported by Marler and
Gies et al."® Interlayer cations of octosilicate are exchanged with alkylammonium cations,
and then calcined. The obtained RUB-24 has one-dimentional pore system consisting of
straight and non-interconnecting eight-membered rings. Interestingly, the space group of
RUB-24 (I4)/amd) is same as that of octosilicate,”” suggesting the same layer stacking
sequence with 4, screw axis parallel to ¢ axis. Oumi et al. reported the topotactic
conversion of acetic-acid-intercalated octosilicate (Ac-Oct) into RWR-type zeolite.['*® The
doos-value of Ac-Oct is less than that of octosilicate by 0.18 nm, suggesting that the silanol
groups on both sides of the layer are located in closer positions.

Afterwards, Ikeda et al. investigated the effect of the layer stacking sequence for
the topotactic conversion to RWR-zeolite (Figure 15).'°" Original Na-type layered
octosilicate and H-octosilicate become amorphous when they are calcined. Calcination of
tetramethylammonium-intercalated octosilicate (TMA-Oct) also leads to the formation of
an amorphous structure because of inappropriate layer stacking sequence. However,
acid-treated TMA-Oct, whose layer stacking sequence is similar to that of octosilicate, is
converted to a RWR-type zeolite. Similar phenomenon is reported by using magadiite.!'**!
Thus, the important factors for topotactic conversion to 3-D zeolite structures are (1) closer

contacts between silanol groups and (2) control of stacking layers having silanol groups

which should face each other appropriately.
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Figure 15. Schematic diagram of the topotactic conversion route from Na-RUB-18 to zeolite RWR. ['¢”]
The crystal structure, in particular undulation of interlayer surface is an important
factor for topotactic conversion because the undulation of interlayer surface determines the
size and shape of the pores formed by condensation. Gies and co-workers reported the
synthesis of a layered silicate RUB-15, whose framework is composed of a segment of the
structure of sodalite cage (Figure 16).°®) Moteki and Okubo ef al. reported the topotactic
conversion of RUB-15 into the sodalite structure.!"®” HCl-treated RUB-15 is transformed
to only an amorphous structure by calcination. However, after acetic acid treatment,
RUB-15 was successfully converted into the 3-D structure with sodalite cages. The product
with micropores shows H, adsorption property. The selection of layered silicates and
careful control of the layer stacking sequence are vital for the material design of 3-D

structures obtained by topotactic conversion.
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Figure 16. (a) Schematic view of a section of the silicate layer of RUB-15 including the terminal OH
groups (Projection along [100]). The Si atoms are located at the nodes of the network; the O atoms are
located close to the midpoint between two Si atoms. Shaded spheres are OH groups. (b) The TMA ion

embedded inside the hydrated silicate layer. The TMA ion is shown as a space-filling model. Small,

medium, and large spheres represent Si, O, and OH and H,0, respectively.[>

The topotactic conversion of layered silicates into 3-D zeolitic structures is an
effective method for creation of novel zeolite structures. Each layer with zeolitic structure
can be regarded as a building unit for bottom-up approach for synthesis of zeolites. The
crystal structure of obtained materials reflects the structure of those building units, namely
layered silicates. Therefore, the topotactic conversion by using unique structural layered
silicates will lead to the formation of zeolites with novel structures through a clearly
defined transformation process. Layered silicates with dimples on the interlayer surfaces,
such as RUB-15, transform into a 3-D structure with confined space. If layered silicates
with unique structures would be obtained, their topotactic conversion will provide novel

3-D structures which have not been obtained by conventional hydrothermal synthesis.

7.2. Intralayer condensation
Condensation of silanol groups of layered silicates is usually dehydration reaction
between interlayer confronting silanol groups in adjacent layers (Figure 17a). The distance

of neighboring silanol groups on the same plane is usually close each other in many
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Figure 17. Schmatic model of (a) interlayer condensation and (b) intralayer condensation.

layered silicates. However, the condensation of silanol groups occurs in the same layer,
namely intralayer condensation (Figure 17b), occurs in only a few cases. Intralayer
condensation should create a new siloxane network with distortion by the formation of
strained rings, such as three- or four-membered rings.

The silicate layer of kanemite composed of only single SiO4 sheets is flexible. For
example, C;sTMA-kanemite is transformed to a 2-D orthorhombic structure (KSW-2) via
the bending,””"! which has been reported for only kanemite so far. Apperley et al. reported

U701 Because Si

that protonated kanemite (H-kanemite) has O° and O* environmental Si.
atoms of kanemite are only Q° environment, condensation of silanol groups by acid
treatment is suggested. However, the details of the condensation (inter- or intralayer) were
not clear. Kimura et al. investigated the silicate structure of kanemite after intercalation
with C,¢TMA cations with high temperature.”” The environments of Si atoms are O’ and
Q4 in spite of the lamellar structure of C;sTMA-kanemite. Because additional intercalation
of n-decanol into C;sTMA-kanemite leads to the expansion of basal spacing, the intralayer

condensation occurs between silanol groups on the same layers. The flexible layer of

kanemite allows distortion of the layer, including the formation of new four-membered
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rings. The intralayer condensation of layered silicates is reported for only kanemite, and

other cases have not been investigated so far.

8. Pillaring of Layered Silicates by Silylation Reactions

Layered materials can be converted to microporous materials by intercalation of
guest species and the following immobilization. By using clay minerals, microporous
materials have been obtained by intercalation of polycations and calcination. These pillared
clays with 2-dementionally confined spaces are applicable for catalysts, molecular sieve,
supports, and adsorbents.l'’'""¥ Layered silicates, composed only SiOy tetrahedra, have
also been converted into pillared layered materials by using covalent immobilization. In
this section, pillared layered silicates through covalent modifications of SIOH/SiO™ groups

are reviewed.

8.1. Pillaring with polymeric silica species
Landis et al. and Pinnavaia et al. reported the pillaring of magadiite and kenyaite

[175-176] Alkylamine- or alkylammonium-intercalated layered silicates are

with silica species.
reacted with tetraethoxysilane (TEOS). After calcination, silica-pillared layered silicates
with micropores are obtained (Figure 18). Expansion with alkylamine or alkylammonium
is necessary to obtain a large interlayer space. The increase in the added amount of TEOS
makes the larger interlayer spacings. However, microporous surface area reaches to a
maximum and then decreased with the increasing amount of TEOS, suggesting the
decrease in the lateral separation of the silica pillars. Subsequently, the effect of catalysts

]

for polymerization of silica species was investigated by Jeong ef al.'”'7*1 " Pillaring with
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Figure 18. Schematic representation of the pillaring of octylamine solvated octylammonium-magadiite

by reaction with TEOS.!"®!

polymeric silica is reported for other layered silicates, such as octosilicate,!'”

MCM-22, 11818 kanemite,'™  kenyaite,'®! and potassium layered silicate with
kenyaite-like structure.['# Pillaring of various metal oxides, such as alumina, titania, and
zirconia, is achieved by using MCM-22 and octosilicate. ['*>"%

Pillaring of layered silicates with silica decreased the crystallinity because of
fragmentation and dissolution of silicate layers. Maheshwari and Tsapatsis et al. developed
the pillaring process at low-temperature for the retention of the crystallinity.!'*"
CisTMA-intercalated layered MCM-22 is washed with water repeatedly and then treated
with ultrasonication. The obtained material has a new ordered layered structure.
Interestingly, the swelling procedure is reversible because of restoring back to MCM-22 by
acid treatment. The swollen product is pillared, and porous material with the MCM-36

structure is obtained. The swollen sample is partially exfoliated via compounding with

polymers.
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Although the pillaring with polymeric silica leads to the formation of a
two-dimensionally confined porous structure, the size and distribution of pillars are hardly
controllable. Therefore, well-ordered arrangement of SiOH/Si™ groups on layered silicates

cannot reflect the ordering and size distribution of pores in the products.

8.2. Pillaring with monomeric silylation reagents

Pore size of the products, obtained by topotactic conversion to 3-D structures via
condensation of silanol groups of layered silicates, depends on the lateral distance between
silanol groups on a silicate layer. For example, PLS-1 has a half ring containing 2 silanol
groups and 2 siloxane bonds (Figure 14a right, HOSi-O-Si-O-Si-O-SiOH). On the facing
layer, the same half ring is located in a face-to-face manner. By the topotactic condensation
of these half rings between facing layers, a new eight-membered ring (8MR) is created
(Figure 14b right).

In 2004, Fan and Tatsumi et al. reported a concept of Interlayer-Expanded Zeolite
(IEZ) which is pillared with monomeric pillaring reagents.!"™ They synthesized crystalline
titanosilicate by pillaring MWW-type layered silicate with monomeric Ti(OBu)4. Inagaki
and Tatsumi ef al. applied this method by using silylation reagents."™) PLS-1 is silylated
with dichlorodimethylsilane and then calcined. The silylation reagent with two reactive
groups (Si-Cl) acts as a single molecular pillaring agent. Although direct topotactic
conversion of layered silicate PLS-1 leads CDS-1 with 8MRs in a previous report,® the
pillared product possesses 10MRs because of two additional pillaring molecular reagents.
This method has been extended for various layered silicates with MWW, FER, CDO and
MCM-47 zeolite precursors by using diethoxydimethylsilane.!'”” They determined the

crystal structure of the IEZs by electron microscopic investigations (Figure 19B). Although
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Figure 19. (A): Sequence of postsynthesizing interlayer expanded zeolites through dialkoxysilylation
of lamellar precursor (using MWW precursor as a representative). (a) MWW lamellar precursor, (b) the
interlayer structure expanded via the reaction of silane with silanols on the layer surface, (c) formation
of a novel ordered 3-D crystalline structure with enlarged pore window in comparison to normal 3D
MWW structure, and (d) common 3-D MWW structure obtained by a direct interlayer dehydroxylation.
(B): HRTEM images of calcined IEZ-MWW taken along the direction of layer stacking.!"*"’

the direct topotactic conversion of MWW type layered silicate leads the creation of pores
with 10MRs, the pillared IEZ has pores with 12MRs (Figure 19A). IEZ of PREFER was

also synthesized, and their structures were carefully investigated by Ruan and Terasaki et

Cll.[lgl]

The silylation procedure was improved by Inagaki and Tatsumi from liquid-phase

[192]

to vapor-phase silylation. Because the conventional liquid-phase silylation was

performed in a strongly acidic condition, the number of acid sites in the framework
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considerably decreases due to leaching of a part of framework Al during the silylation. In
contrast, vapor-phase silylation prevents the decrease of Al in the framework. The product
obtained by vapor-phase silylation shows higher catalytic activity than that by the liquid
phase. Pillaring reagents also come from the fragmentation of the host layers. Ikeda et al.
reported that thermal acid treatment of layered silicates (PLS-1, PLS-3, PLS-4, and
PREFER) leads monomeric Si pillared structure without silylation reagents.!'**!

Pillaring with single molecular species generates small pores with well ordering
while pillaring with polymeric silica leads to the formation of lager pores but lower
ordering. These two methods are complementary from these points of view. Pillaring with
monomeric Si species enables well ordering of pillars and construction of new crystal
structures with expanded pores. Although the expansion of pores is limited to the increase
by two siloxane bonds, this expansion of pores is effective for the applications of catalysts
and adsorbents. For example, IEZs prepared from precursors with MWW topology exhibit
higher activities in the redox and solid acid-catalyzed reactions for bulky molecules than

those of their counterparts with conventional MWW topology.!"*”

8.3. Pillaring with phenylene-bridged silylation reagents

Both of lager pores and well-ordered pillaring has been developed by using
phenylene-bridged silylation reagents. Pillaring reagents, especially lager ones, should be
rigid to prop interlayer space for the retention of created pores. Ishii et al. reported a
pillaring of octosilicate with biphenylene-bridged silylation reagents such as
4,4’ -bis(triethoxysilyl)biphenyl.'®¥ The product has porous structure with high surface

area (616 m> g'). However, only 33% of silanol groups on the interlayer surface are

silylated. Both 7° and 7 signals are observed in the spectrum, suggesting the condensation
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of hydrolyzed triethoxysilyl groups of silylation reagents in the interlayer space. Pillaring
by using biphenylene-bridged silylation reagents with methyldiethoxysilyl groups also
results in unwanted condensation among silylation reagents.'™ In the case of using
dimethylethoxysilyl groups, the interlayer distance is decreased to 0.60 nm. Diaz et al.
reported the pillaring of magadiite with 4,4 -bis-(trimethoxysilylpropyl)viologen and

4-nitro-N,N’-bis(3-trimethoxysilyl)propylaniline.!*®!

Ordered pores are not obtained
because of low degree of silylation (< 20%) and condensation of hydrolyzed
trimethoxysilyl groups. Although pillaring with rigid biphenylene-bridged leads to the
formation of a porous structure, these alkoxysilyl reagents are not advantageous for
well-ordered pillaring and uniform pore size.

As described above, dichlorosilyl reagents can be immobilized onto octosilicate
with high degree of silylation (ca. 90%) and uniform bidentate attachment with only 7°
environment.!'*"!  Mochizuki e al. reported the pillaring of octosilicate with
1,4-bis(trichlorosilyl)benzene or 1,4-bis(dichloromethylsilyl)benzene (Figure 20)."7 The

silylation degrees are from 83% to 88% calculated from Q°/Q" ratio. The high degree of

silylation is provided by active silylation reagents with trichlorosilyl groups and suitable

Octosilicate Silylated octosilicate Miroporous octosilicate
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Figure 20. Silylation of octosilicate with 1,4-bis(trichloro- and dichloromethyl-silyl)benzenes.!"””
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ordering/distance of SIOH/SiO™ groups on octosilicate. The pore size distribution is narrow,
suggesting the formation of uniform pores derived from well-ordered immobilization of
silylation reagents. The micropores derived from 1,4-bis-(trichlorosilyl)benzene shows a
hydrophilic nature due to remaining Si-OH groups after hydrolysis of chlorosilyl groups.
In contrast, those derived from 1,4-bis(dichloromethylsilyl)benzene shows a hydrophobic
nature. Adsorption behavior of phenol and water onto these hybrids indicates the
difference of the hydrophilicity/hydrophobicity of pores.

Selection of suitable layered silicates and molecular design of pillaring reagents
make it possible to synthesize crystalline porous materials with not only larger pores but
also well ordering of pores.

Corma et al. advanced the pillaring method of layered silicate with zeolite
structure by using post treatment for introducing basic groups in the interlayer pillars.["*®!
MWW-type layered zeolite precursor was pillared with 1,4-bis(triethoxysilyl)benzene for
creation of zeolite hybrid with expanded pores. Subsequently, amine groups were
additionally immobilized onto benzene bridges by amination post-treatment. This porous
material has both acid sites on zeolite layers and base sites of amine groups on benzene
bridges. The product can act as a bifunctional catalyst for performing a two-step cascade
reaction that involves the catalytic conversion of benzaldehyde dimethylacetal into
benzylidene malononitrile.

Pillaring of layered silicates with phenylene-bridged silylation reagents can lead
porous structure with expanded pore size. Prevention of the condensation of silylation
reagents can be achieved by the design of silylation reagents and selection of layered
silicates with suitable distance of SiOH/SiO™ groups. In addition, design of functional

groups immobilized on pillars has potential for creation of novel nanospaces because these
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functional groups and active sites on the surface of the layers are separated and
individually designable. It can be claimed that more precise design of pores will provide

unique properties with synergetic effects of two kinds of sites.

9. Summary and Significance of This Thesis

I reviewed material design of layered silicates, whose frameworks are composed
of only SiO, tetrahedra, through covalent modifications such as silylation, esterification,
condensation, and pillaring of silanol groups. The historical development of important
discovery in this research area can be summarized as follows. In 1980’s, silylation
reactions were discovered and studied with simple silylation reagents. In late 1990’s,
molecular selective adsorption properties were discovered by using 2-D confined spaces
designed by silylation reactions. In early 2000’s, crystal structure of layered silicates can
be designed by precise silylation reactions. In the same decade, immobilization of various
functional groups by silylation was developed and their applications were investigated. In
middle of 2000’s, transformation from 2D to 3D structure was achieved by using topotactic
conversion of layered silicates, especially with zeolitic layer. In late 2000’s, the pores
obtained by topotactic conversion were expanded by well-ordered pillaring with singular
silica species. Nowadays, the pillaring of layered silicates has been developed to create the
interlayer pores with not only larger size but also functionality on the pillars. Thus,
covalent modification of layered silicates makes it possible to design interlayer surfaces,
intralayer frameworks, and interlayer spaces.

The interactions, especially electrostatic interactions, between layered host
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materials and guest species strongly affect the reactivity and selectivity of intercalation
reactions. However, design of layer charge of layered silicate has not been focused in spite
of wide variety of reactions of silanol groups. Versatile control of layer charge including
anionic-nonionic-cationic will significantly enlarge the versatility of layered silicates. In
this thesis, I achieve the covalent modifications of layered silicates for layer-charge control,

and their transformations into nanostructured materials.
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Chapter 2

Intercalation of Poly(oxyethylene) Alkyl Ether

iInto Kanemite

1. Introduction

Intercalation of organic substances into inorganic layered materials affords
two-dimensionally arranged inorganic-organic nanostructures.!' ™! Such nanostructures are
potentially applicable for adsorbents and reaction media utilizing two-dimensionally

3:3%1 The control of interlayer environments is quite important for

confined nanospaces.
exploring the possibility of such applications. The hydrophobicity and hydrophilicity of
interlayer region can be controlled by intercalation of various organic substances, and the
kind of such intercalated organic substances is crucial to determine the interactions with
adsorbates or reactants.*'"!

Layered silicates, such as kenyaite, magadiite, and kanemite, whose frameworks

are composed of only SiO, tetrahedra, have exchangeable metal cations in the interlayer

space and SiOH/SiO™ groups at the interlayer surfaces of silicate sheets.'"' The
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interlayer environments can be modified in various ways including ion exchange of
interlayer metal cations with organoammonium ions, adsorption of polar molecules by
ion-dipole interaction and/or hydrogen bonding, acid-base reactions with amines, and
silylation of SiOH/SiO™ groups.!"! The hydrophobicity and hydrophilicity of the interlayer
spaces can be controlled by varying the amount of grafting alkylsilyl groups!®” and by
carefully choosing silylating agents.[*) Covalently immobilized grafting groups are stable,
but hydrophilic sites such as SIOH groups generated from chlorosilyl groups by hydrolysis
are forced to be located at the interlayer surfaces of silicate sheets. Thus, the control of
hydrophobicity and hydrophilicity in the entire interlayer environment by silylation is quite
difficult.

Hydrophobicity and hydrophilicity of oligomeric surfactants and block
copolymers are controllable by adjusting the chain lengths of both the hydrophobic and
hydrophilic moieties. Poly(oxyethylene) alkyl ether (C,H,,+1(OC,H4),,OH: C,EQO,,) is
composed of hydrophobic alkyl chain and hydrophilic poly(oxyethylene) (EO) chain, and
is versatile as a typical nonionic surfactant.'>'™ Then, it is expected that the
hydrophobicity and hydrophilicity of the interlayer region can be controlled by
intercalation of C,EQ,, into inorganic layered materials. Intercalation of C,EQ,, into

layered clay minerals was reported,!®!®'®

and the modified interlayer region can
accommodate both hydrophobic and hydrophilic molecules.!'®'®! Actually, intercalation of
C,EO,, was induced by the interactions between EO units and metal cations.!'"” In this case,
metal cations remain in the interlayer space, and this hinders the applications utilizing
coordination of EO chains with other guest species. In addition, C,EO,,—clay intercalation

compounds are disadvantageous for detailed characterization because natural layered clay

minerals contain metal cations as impurities.m C,EO,, is also intercalated into clay
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minerals modified organically with alkyltrimethylammonium ions (C,TMA).l""! Such
C,EO,—C,TMA—clay composites showed relatively higher basal spacings and higher
densities of organic molecules, though the surfactants remained after the intercalation of
C,EO,, and the interlayer region was highly hydrophobic. Therefore, intercalation
compounds composed of pure silicate sheets and C,EO,, molecules without interlayer
cations are very important from the viewpoints of the control of hydrophobicity, detailed
characterization of these materials, mechanical and thermal stabilities of surfactants, and
nanomaterials design.

In this study, such intercalation compounds are synthesized through intercalation
of C,EQ,, into a layered silicate kanemite with simultaneous removal of interlayer cations.
Kanemite is composed of flexible single silicate sheets and interlayer hydrated sodium

[

cations.!"'?”! Depending on the reaction conditions with various cationic species, the

silicate framework is transformed to various mesostructures with lamellar,m'zz] 2-D

1122 and 2-D orthorhombic phases.””) The reaction between kanemite and

hexagona
C,EO,, would also produce novel mesostructures different from simple intercalation
compounds. However, it is difficult to intercalate C,EO,, molecules into the layered
silicates. The layer charge density of the layered silicate is normally higher than that of
clay minerals, which also suppresses the intercalation of various guest species. C,EO,,
molecules are only adsorbed on the external surface of magadiite.*® Direct intercalation of
C,EO,, into kanemite was also unsuccessful under various conditions (time, temperature,
solvent, and pH) in a preliminary study. Therefore, I adopted a different strategy for the
intercalation of C,EQO,, by using a layered C;sTMA—kanemite as an intermediate. Because

first intercalation of C,EQO,, only yields an incomplete intercalation compound (C,EO,,—

CisTMA—kanemite), further intercalation of C,EQO,, was performed by subsequent acid
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treatment under the presence of an excess amount of C,EQO,, to form an intercalation
compound consisting of silicate sheets and C,EO,, molecules, resulting in the simultaneous

removal of remaining C;sTMA ions. (Figure 1)

ee
co. o

kanemite C, TMA

P +

® Cn EOm

S \ N
R :
Q i\\\i\i}\ “{{ Step (i)

CisTMA-kanemite  C,EO.-CisTMA-kanemite C EO » -kanemite

Figure 1. Synthetic pathway of C,EO,—kanemite intercalation compounds.

2. Experimental

Materials

Kanemite (NaHSi,05:3H,0) was obtained through dispersing d-Na,Si,0s (1.0 g)
in deionized water (50 mL) with stirring for 0.5 h.1**) The Na/Si molar ratio of kanemite
was ca. 0.5 (ICP). The XRD pattern was consistent with that of JCPDS file (25-1309).
Hexadecyltrimethylammonium chloride (C;6H33N(CHj3);Cl, denoted as C;sTMACI, Tokyo
Kasei Kogyo Co.) and C,EO,, (n =12, m = 10, Sigma-Aldrich; n = 16, m = 10; and n = 18,
m = 10, Aldrich) were used as received. An aqueous solution of HCI (1.0 M) was used for

the acid treatment.
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Synthesis of layered C1sTMA—kanemite intermediate

Layered CisTMA—kanemite was prepared by the ion-exchange of interlayer Na
cations in kanemite with C;sTMA cations. Kanemite (0.2 g) was added to an aqueous
solution (40 mL) of 0.1 M C;,TMACI, where the C;sTMA/Si molar ratio was 2.0. After
the mixture was stirred at room temperature for 2 days, the product was separated by
centrifugation and air-dried. Because the Na content of C;¢TMA—kanemite was virtually
zero (ICP), complete ion-exchange reaction with C;sTMA cations was confirmed. After
the reaction, the XRD peaks assigned to kanemite disappeared and new peaks with the
d-spacings of 2.92, 1.45, and 0.97 nm appeared, indicating the formation of layered
C16TMA—kanemite.[22] The C1sTMA/Si molar ratio was 0.30 (CHN analysis and TG-DTA)
and the value is similar to that (0.28) reported previously.*” The ??Si MAS NMR spectrum
of the C;¢TMA—kanemite showed three O’ signals with a weak Q" signal. The O*/(0*+0"

ratio was 0.08, and the value was slightly lower than that reported previously.”*>

Intercalation of C,EO,, into layered CsTMA-kanemite

Intercalation of C,EQO,, was carried out by the following two step reactions.

Step (i): CisTMA—kanemite (0.2 g) was dispersed in an aqueous solution of
C,EO,, (0.1 M, 40 mL). The mixture was stirred for 2 days at room temperature and
centrifuged to remove the supernatant. At this step, the slurry is treated as described in the
second step. However, to characterize the products obtained in the first step, the slurry was
washed by dispersion in deionized water, stirred for 5 min, and centrifuged. This procedure
was repeated twice to remove residual C,EO,, completely and air-dried. Further repeated
washings did not affect the organic content of this sample. The product is denoted as

C,EO,—CisTMA—kanemite.
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Step (ii): The slurry C,EO,—C,sTMA—kanemite obtained before washing (0.2 g as
dried C;sTMA—kanemite) was dispersed in an aqueous solution of C,EO,, (0.1 M, 40 mL).
The pH value of this mixture was 8.9. The pH value was then decreased down to 3.0 by
adding 1.0 M HCI slowly over 0.5 h. The mixture was stirred for 1 day to complete the
reaction. The slurry was centrifuged, washed twice with deionized water, and air-dried.

The product is denoted as C,EO,,—kanemite.

Characterization

X-ray powder diffraction patterns (XRD) were obtained with a Rigaku
Rint-Ultima III powder diffractometer (CuKa, A = 0.15418 nm) by using a parallel beam
geometry equipped with a parabolic multilayer solar slit. The scanning electron
microscopic (SEM) images were obtained by using a JEOL JSM-5500LV microscope at an
accelerating voltage of 15 kV. The amounts of organic constituents were determined by
CHN analysis (Perkin Elmer, 2400 Series II). Thermogravimetry (TG) measurements were
carried out with a Rigaku Thermo Plus 2 instrument under a dry air flow at a heating rate
of 10 °C minﬁl, and the amounts of SiO, fractions in the products were calculated from the
residual weights after heating up to 900 °C. Silicon and sodium contents in the samples
were determined by inductively coupled plasma emission spectroscopy (ICP) (Varian
Technology Japan Ltd. Vista-MPX). Each sample was decomposed in a melted LiBO, and
then dissolved in 0.02 M HNO;. Solid-state *C CP/MAS NMR spectra were recorded on a
JEOL INM-CMX-400 spectrometer at a resonance frequency of 100.4 MHz and a recycle
delay of 5 s. The samples were put into a 7.5 mm (or 5 mm) zirconia rotor and spun at 5
kHz. Solid-state *’Si MAS NMR spectra were also recorded on the same spectrometer at a

resonance frequency of 79.42 MHz with a 45° pulse and a recycle delay of 100 s. It was
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confirmed that the signals were fully relaxed under these conditions so that quantitative
analysis was possible. The "“C and *’Si chemical shifts were referenced to

tetramethylsilane.

3. Results and Discussion

3.1. Intercalation of CEO4y into CisTMA-kanemite (C16EO1o—C1sTMA-
kanemite)

The XRD pattern of CisEO;—CisTMA—kanemite (Figure 2b) exhibits the peaks
with the d-spacings of 3.34, 1.65, and 1.10 nm. The basal spacing of 3.34 nm is larger than
that of the C;sTMA—kanemite intermediate (2.92 nm, Figure 2a) by 0.42 nm, suggesting
the intercalation of C;4EO;. The peaks can be assigned to (010), (020), and (030) peaks of
a layered structure, respectively. The layered structure of C;cEO;—CisTMA—kanemite is
also consistent with the result that all of the peaks disappeared after calcination at 550 °C
for 6 h.

The C;sTMA/Si and C;6EO;(¢/Si molar ratios, calculated from the CHN analysis
and TG data, are summarized in Table 1. The CisTMA/Si ratio of C;(EO¢—CisTMA—
kanemite was 0.26. Because the ratio of C;sTMA—kanemite was 0.30, 85% of C;sTMA
cations remained in the CisEO10—CisTMA—kanemite. The C/N ratio of the CisEOi¢—
CisTMA—kanemite (C/N = 29) is higher than that of the C;(TMA—kanemite (C/N = 19),
indicating the presence of C;sEO;¢ molecules in the product. The C;cEO,(/Si ratio of the
C16EO10—CisTMA—kanemite was 0.07, revealing that C;cEO;o molecules are not so much

intercalated in CigTMA—kanemite. It is known that C;sTMA cations are released from
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CisTMA—kanemite by cation exchange with H™ by decreasing the pH value in a
medium.””! When the CisTMA—kanemite intermediate was dispersed in an aqueous
solution containing Ci¢EO1o, the pH value of the suspension became 8.9 (very low H"
concentration) and then C;TMA cations were poorly exchanged with H".

(221 the

Because C;sTMA-kanemite can take up n-decanol into the interlayer,
interlayer silicate surface is considered to be hydrophilic, though the interlayer is
hydrophobic because of the presence of alkyl chains. Therefore, the driving forces for the
intercalation of C;cEO;¢9 molecules into C;sTMA-kanemite are thought to be the
followings: hydrophobic interaction among alkyl chains of both C;TMA ions and C;cEO
molecules, and hydrogen bonding between the silicate layers and EO chains.

All of the °C CP/MAS NMR signals (15.6, 25.0, 28.6, 33.5, 34.8, 54.2, and 66.9
ppm) of C,¢TMA—kanemite (Figure 3a) are assigned to carbon atoms in C;sTMA ions.!*”’
The '*C CP/MAS NMR spectrum of CisEO;p—C;sTMA—kanemite (Figure 3b) shows the
additional signals (62.3, 71.5, 71.8, and 73.6 ppm) due to EO units in addition to those due
to C;cTMA ions, indicating the presence of C;cEOj(. Therefore, it is quite obvious that
Ci6EO19 molecules are intercalated into C;sTMA-kanemite, as proved by the increase in
the d-value (XRD; Figure 2) with the increase in the amount of C;¢EO;( (Table 1). It is
known that the signal assigned to the interior methylene carbons with an all-trans
conformation appears at 33 ppm and shifts up field to 30 ppm for the trans/gauche
conformation.”® In the *C CP/MAS NMR spectrum of C;sTMA—kanemite, the signal due
to the interior methylene carbons appears at 33.5 ppm, indicating that the conformation of
the alkyl chains is all-trans. The molecular length of C;sTMA is calculated to be 2.47

nm,”" and the thickness of silicate layer of kanemite is 0.60 nm.**) If T assume that the

arrangement of C;¢TMA is monolayer, C;sTMA ions are inclined to the interlayer surface
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Figure 2. XRD patterns of (a) C;sTMA—kanemite, (b) CicEO;;—C;sTMA—kanemite, and (c)
C,6EO;—kanemite. The insets show the profiles in higher 26 regions.

Table 1. Summary of CHN analysis, SiO, contents, amount of organic species.

Sample / mé(ijss% / mis% C/N -, ri;(s)sz% Cl6/Ts]\i/[A Cn/Es(i)10 Formula*

C ¢ TMA—kanemite 427 26 19 36.2 0.30 - (C1sTMA)g 60H, 265104 9
i‘;ﬁg‘rfi’tf“"TMA 46.7 1.9 29 33.9 0.26 0.07 g‘:izgz::‘(CmTMA)“-”
C16EO—kanemite 41.8 0.0 - 30.6 0.00 0.19 (C16EO10)038H1.0481204 52

C1,EO—kanemite 34.1 0.1 - 41.7 0.01 0.12 -

C3sEO—kanemite 39.0 0.1 - 37.4 0.02 0.13 -

* The Si/O ratio was determined by the intensity ratio of the Q° and Q* signals of *’Si MAS NMR data, and the hydrogen
content was calculated by subtraction of remaining negative charge from the total charge balance.

at an angle of 70 °. The BC CP/MAS NMR spectrum of C;cEO;(—C;sTMA—kanemite
shows the signal due to the interior methylene carbons at 33.6 ppm as well as a small

signal at 30.9 ppm. Thus, the conformation of the interior methylene carbons of C;(TMA
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Figure 3. °C CP/MAS NMR spectra of (a) C;sTMA—kanemite, (b) Ci¢EO;o—C;sTMA—kanemite,
and (c) C;sEO o—kanemite.

ions and C;sEO;¢ molecules is mostly all-trans, even though trans/gauche conformation is
slightly present. Therefore, the conformation of alkyl chains is not transformed so largely
with the intercalation of C1sEQ;¢ molecules into C;¢TMA—kanemite.

The XRD pattern of C;4EO;p—C;sTMA—kanemite (Figure 2b inset) also shows a
peak with the d-spacing of 0.40 nm assignable to closely packed alkyl chains.**?®! In
contrast, a similar peak was not observed in the XRD pattern of C;¢TMA—kanemite (Figure
2a inset). Because the total amount of organic substances in C;sEO;p—C;sTMA—kanemite
(C16TMA/Si + C16EO40/Si = 0.26 + 0.07 = 0.33; Table 1) was larger than that of C;sTMA—

kanemite (0.30), the alkyl chains in C;,EO;(—C;sTMA—kanemite should be packed more

closely than those in C;sTMA—kanemite.
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The condensation of silanol groups within the individual silicate sheets (intralayer
condensation) was examined by ’Si MAS NMR. The *Si MAS NMR spectrum of
C16E01—C1¢TMA—kanemite (Figure 4b) shows both O° and Q" peaks, and the 0*/(0*+0%)
ratio ( = 0.26) was increased relative to that of C;sTMA—kanemite (Figure 4a, O*/(Q*+0"
= 0.08). Therefore, the condensation of SIOH/SiO groups of the silicate layer proceeded
during the reaction of C;sTMA—kanemite with C;sEO;o. In the higher 26 angles of the

XRD pattern of C;sEO;(—CisTMA—kanemite (Figure 2b inset), a peak at 20=
24.3°, attributed to (002) lattice plane (denoted as @) was observed. Because the ¢ axis of
kanemite is directed parallel to the layer, the structural regularity originating from
kanemite is retained in C;sEOo—Ci;sTMA—kanemite.

Q3
Q4

(a)
IIIIIIIIIIIIIIIIIIIIIIIIII
-80 -90 -100 -110 -120 -130
Chemical shift / ppm

Figure 4. ”’Si MAS NMR spectra of (a) C;sTMA—kanemite, (b) C;cEO;o—Ci¢TMA—kanemite, and
(c) C16EOp—kanemite.
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The head groups of C;¢TMA ions interact with SiO™ groups electrostatically on
the interlayer surfaces of silicate layers.m] Because the C;cTMA/SI ratio was decreased
only 15% after the reaction with C;cEQO, the headgroups of C;sTMA ions in the C;sEOo—
CisTMA—kanemite should have a similar electrostatic interaction with SiO™ groups.
Assuming that the headgroup of the C;TMA 1ion is spherical, the space that one headgroup
can occupy is 0.34 nm” on the interlayer surfaces of silicate layers.””! On the basis of the
Ci6TMA/SI ratio in C1sEO;p—C ;¢ TMA—kanemite and the lattice constant of kanemite (a =
0.4946 nm, ¢ = 0.7227 nm), the silicate surface of C;sEO;—C;sTMA—kanemite is
calculated to be occupied with C;sTMA headgroups by 49%. Therefore, 51% of the
surface of the silicate layer is not occupied. Intercalation of poly(oxyethylene) (without
alkyl ether groups) into H-magadiite was investigated, and the proposed structural model
shows that the EO chains lie flat and take a monolayer arrangement, because the d-value
was increased by only 0.44—0.46 nm after the intercalation.'! If the EO chains of C16EO 10—
CisTMA—kanemite similarly lie flat and take a monolayer arrangement, the interlayer
silicate surfaces are covered with the EO chains by 61% at the maximum because each EO
chain can occupy the surface by 0.16 nm? unit”. Accordingly, the total occupied interlayer
surface area is estimated to be 49% + 61% = 110 %. Because of the electrostatic
interactions between C;sTMA ions and the silicate layers, C;sTMA ions are not likely to be
apart from the silicate layers. Thus, some EO chains may be present apart from the
interlayer silicate surface. The increase of the d-value (0.42 nm) can be explained by the
assumption that a part of the EO chains changes the arrangement of the alkyl chains after

intercalation of C1sEQ;9 molecules into C;sTMA—kanemite.
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3.2. Synthesis and structure of C,EO;—kanemite

The XRD pattern of the final product (named as C;sEO;p—kanemite), which was
prepared from C;sEO;—CisTMA—kanemite by acid treatment in an aqueous solution of
Ci6EO1o (step (ii)), shows the peaks with the d-spacings of 5.52 and 2.68 nm (Figure 2c)
assignable to (010) and (020) of a layered structure. Indeed, these two peaks disappeared
after calcination at 550 °C for 6 h. The basal spacing of 5.52 nm is much larger than that of
Ci16EO10—CisTMA—kanemite (3.34 nm, Figure 2b). The result suggests further intercalation
of C16,EO;p molecules by the acid treatment in the presence of C;sEO.

The nitrogen content of the product was zero (Table 1), indicating complete
elimination of C;¢sTMA ions by the acid treatment. The C;sEO;¢/Si ratio (0.19) of the
CicEOjp—kanemite is much larger than that of C;cEO;—C;sTMA—kanemite (0.07),
indicating further intercalation of C;sEQO;¢p molecules. On the basis of these results, it is
confirmed that only C;sEQO;¢ molecules are present in the interlayer space.

All of the signals in the BC CP/MAS NMR spectrum of C;sEO;—kanemite
(Figure 3c¢) are assignable to carbon atoms in C;6EO;o molecule.”® The signal due to the
interior methylene carbons appears at 30.8 ppm, suggesting the trans/gauche conformation
of the alkyl chains. The EO chains of C;sEO; are flexible and tend to take a random
conformation in the C;sEO;p—kanemite. The XRD pattern of the C;cEO;p—kanemite (Figure
2c inset) shows the peak with the d-spacing of 0.41 nm, indicating that alkyl chains of
C16EO) are closely packed in the interlayer region.!**>°

The %°Si MAS NMR spectrum of the C;sEO;¢p—kanemite (Figure 4c) shows Q3 and
o peaks. The 0Y/(0*+0% ratio (= 0.48) was increased from that of C;¢EO;—C1sTMA—

kanemite (Q*/(0*+0") = 0.26). The result indicates that SiIOH/SiO~ groups in the silicate

framework were condensed further during the acid treatment. Kimura ef al. reported that

65



Chapter 2

layered C;sTMA—kanemite is transformed into a mesostructured precursor for 2-D
orthorhombic mesoporous silica (KSW-2) through the bending of silicate layers with inter-
and intralayer condensation induced by acid treatment in the absence of C,,EOm.m] In the
present case, the intralayer condensation occurs within the individual silicate sheets, as
reported previously for the formation of layered C;sTMA-silicates.”? In the higher 20
angles of the XRD pattern of C;cEO;—kanemite (Figure 2c inset), a peak attributed to the
(002) lattice plane due to the structure of original kanemite was not observed. Therefore,
the structural regularity of the original silicate layer was deteriorated by the intralayer
condensation. Condensation of SiOH/SiO™ groups on layered silicate is crucial for the
intercalation of Ci,EO;9 molecules, therefore, this successful method is limited to kanemite.
I tried to synthesize C;cEO ¢-intercalated layered silicates by using other layered silicates,
such as octosilicate and magadiite, that do not exhibit intralayer condensation. Though the
intercalation of C;4EO;o molecules into C;TMA—octosilicate and C;sTMA—magadiite was
confirmed after the acid treatment, the amounts of intercalated C;cEO;o molecules were
much lower (C;6EO;¢/Si = 0.06 and 0.03, respectively) than that in C;sEO;o—kanemite.
Also, the powder XRD profiles were very broad, suggesting poor intercalation ability for
these cases.

C,EOp—kanemite complexes (n = 12 and 18) were also synthesized in a manner
similar to that of the C;sEO;¢—kanemite. The XRD patterns (Figure 5) of C;,EO,o— and
C13EOp—kanemites (after the acid treatment in the presence of C,EO;() exhibit the peaks
with the d-spacings of 4.96 and 6.40 nm, respectively. The nitrogen contents of C;,EO;¢—
and C;gEO p—kanemite are less than 0.1 mass % (Table 1). The carbon contents of
C,EO p— and C3sEO;¢—kanemite are 34.1 and 39.0 mass %, respectively. Therefore,

C,EO,—kanemite with different alkyl chain lengths can also be synthesized similarly.
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Figure 5. XRD patterns of C,EO,,—kanemite (a) n = 12; m = 10 and (b) n = 18; m = 10.

Accordingly, the selection of the alkyl chain length and the number of the EO units in
C,EO,, molecules is possible, which may play a role in controlling the hydrophobicity and
hydrophilicity in the interlayer spaces. As expected, the basal spacing of C,EO;;—kanemite
is increased with the alkyl chain length of C,EO,,. The C2,EO,¢/Si (0.12) and Ci3EO;/Si
(0.13) ratios are lower than the C;sEO;¢/Si (0.19) ratio. The XRD patterns of C;2EO;¢— and
C13EOp—kanemites (Figure 5 inset) showed the peaks with the d-spacings of 0.40 and 0.41
nm assignable to closely packed alkyl chains, respectively.***®! These peaks are relatively
weaker and broader than that of C;sEO;p—kanemite (Figure 2c inset), implying that the

packing of alkyl chains in the interlayer region corresponds to the amount of C,EO,,.
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3.3. Adsorption of n-decane and water

The hydrophobicity and hydrophilicity of CicEOjp—kanemite was examined by
adsorption experiments of n-decane and water. A few drops of n-decane or water were
added to CisEO;p—kanemite (0.05 g), and then the samples were covered with a slide and
allowed to stand for 1 day at room temperature. The XRD patterns of the samples after the
treatment show the peaks at 6.30 and 6.59 nm, respectively (Figure 6). The larger d-values
than that of C;4EO;—kanemite (d = 5.52 nm) before adsorption suggest the adsorption of
these adsorbates. These samples were dried in vacuum, and then the d-values decreased to
5.60 and 5.59 nm, respectively. Therefore, the interlayer region of C;cEO;(—kanemite has
both hydrophobic and hydrophilic characters to exhibit reversible adsorption. The stability
of intercalated C;sEOj¢ in the interlayer space is rather high. In fact, the deintercalation of
CisEOj9 was not observed for these measurements, though C;cEO;9 was finally
deintercalated from C;sEO;o—kanemite when it was stirred in n-decane for 1 day. However,

the deintercalation of C;cEQ;¢ did not occur in water even under a similar condition.

6.59 nm

/k—\ (b)
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Figure 6. XRD patterns of C;cEO;—kanemite after the adsorption of (a) n-decane and (b) water.
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3.4. Formation mechanism of C1EO1¢—kanemite

The SEM images of kanemite, C;sTMA—kanemite, and C;cEO;;—C;sTMA —
kanemite show plate-like morphologies with 2—5 pum in size (Figure 7a—c), indicating that
the original morphology of kanemite is preserved after the reactions with C;cTMA and
Ci6EOyo. The particle size of C,EO,—kanemite (Figure 7d) is smaller and the shape is
rounded. However, the loss in the product yield by the acid treatment was low (ca. 10%).
Therefore, the dissolution of silicate layers may very partially occur by the acid treatment.
I also think that the process of exfoliation and reassembly of silicate layers is unlikely,
because the XRD pattern of hydrated slurry of C;cEO,p—kanemite is quite similar to that of
dried powders of C;sEOp—kanemite (though the d-values are slightly larger due to the
adsorption of water). Also, there are no data indicating unlimited swelling of the product in

water and decane as described above.

Figure 7. SEM images of (a) kanemite, (b) C;sTMA—kanemite, (¢) C;cEO;;—CsTMA—kanemite,
and (d) C;,EO,o—kanemite. The scale bar represents 5 pm.
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Figure 8 shows the variations in both the amount of the organic species
(C16TMA/Si or Ci6EOy¢/Si ratio) and d-value with the acid treatment of the preparation
step (ii). The C;,TMA/Si ratio was decreased from 0.26 at pH 8.9 to 0.01 at pH 4.0 and
then became constant at almost zero. The amount of SiO™ groups should be decreased with
the decrease of the pH value, because SIOH/SiO™ groups are condensed mainly in the
vicinity of the neutral region, and the equilibrium between SiOH and SiO™ + H' is shifted
to the left. Therefore, the electrostatic interactions between CiTMA cations and silicate
layers were decreased with pH value, causing the decrease in the C;sTMA/Si ratio.
However, it is difficult to remove C;sTMA cations completely from C;sTMA—kanemite by
acid treatment. In previous report, the C;sTMA/Si ratio was not decreased to zero at pH 3.0

(C16TMA/Si = 0.12) by the acid treatment of C,¢TMA—kanemite with acetic acid (1 M).*”
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Figure 8. Variation in the d-values and amounts of organic species (C;sTMA cations and
Ci6EOp) during acid treatment in Step (ii). X: d-value in XRD patterns, 0: C;sTMA/Si ratio, e:
C16E010/Si ratio.
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In the present study, the acid treatment in the absence of C;4EO;¢ was also performed for
Ci6EO10—CisTMA—kanemite. The C;cTMA/Si ratio of this sample was 0.06 at pH 3.0
(C16EO1¢/S1 = 0.10, d = 3.84 nm). Consequently, C;cEO;¢p molecules in the aqueous
solution promote the elimination of C;sTMA cations because C;sTMA cations are strongly
interacted with C,EO,, molecules in aqueous solutions through hydrophobic interaction of
the alkyl chains and hydrophilic ones between EO chains and trimethylammonium
headgroups.*”!

With the decrease in the pH value from 8.9 to 4.0, the C;sEO;(/Si ratio was
increased from 0.07 to 0.19 and then became constant at ca. 0.19 (Figure 8). In general, EO

chains have hydrogen bonding with SiOH groups.[*"*!!

The amount of SiOH groups is
increased with decreasing pH value, so that the amount of EO chains adsorbed on the silica
surface is increased.*!! In the acid treatment of Ci6EO10—Cis TMA—kanemite, the
C16EO10/S1 ratio was increased with decreasing pH value because of the increased affinity
between the EO chains and the interlayer surface.

As a possible alternative synthetic pathway, a sample was prepared via only step
(ii) without step (i). The C;cEO,(/Si ratio ( = 0.09) of this sample was lower than that of
Ci6EOjp—kanemite (0.19). Therefore, step (i) is important to improve the intercalation of
Ci6EOj9 molecules because of the affinity of pre-existed C;sEO;o and the intercalating
C16EOj¢. The removal of C;sTMA cations should be accompanied by the exchange with
H'. The hydrophilic EO chains in the C;cEO;(—C;sTMA—kanemite should enhance the
accessibility of H' to the interlayer and consequently C;sTMA cations are removed with an
increase of C;cEOy.

With the decrease in the pH value from 8.9 to 6.8, the d-value was slightly

increased from 3.34 to 3.62 nm and rapidly reached up to 5.38 nm at pH 4.0. The d-value
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was almost constant over the range of pH 4.0 to 1.0 (d = 5.73—-5.38 nm). In the range of pH
8.9 to 6.8, where the C;sTMA/Si ratio was relatively higher than that of the C;cEO;¢/Si
ratio, the interactions between the layers are strong owing to the packing of the alkyl
chains of C;sTMA cations. Accordingly, the d-value of the acid-treated products increased
only slightly in this range. In the range of pH 6.8 to 4.0, complete elimination of C;sTMA
cations caused the decrease of the interactions between the silicate layers. Therefore, the
d-value rapidly increased with the decrease of pH value because C;sEO,( interacting with
silicate surface weakly is dominant in the interlayer region.

The chemical formulas of CisTMA—kanemite, C;¢EO10—CisTMA—kanemite, and
Ci6EOjp—kanemite are listed in Table 1. The oxygen content (8) in the formula of
(Ci6EO10)x(C16TMA),H.S1,05.5 corresponds to the intralayer condensation. The value of &
increases (0 = 0.08 to 0.26) during the first step and further increases to 0.48 during the
intercalation of C;sEOjo. The value x was initially increased from 0 to 0.14 and further
increased to 0.38. Therefore, the intercalation of C;cEO( is basically related to the
intralayer condensation but the degree of the intercalation exceeds the degree of
condensation, which means other factors, such as hydrogen bonding between intercalated

species and guest molecules, contribute to the intercalation.

4. Conclusion

Poly(oxyethylene) alkyl ether is intercalated into the interlayer region of a layered
silicate kanemite by using layered C;sTMA—kanemite as the intermediate. Although a

small amount of C,EO,, molecules are intercalated into the C;sTMA-kanemite, the
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resultant C;sEO0—C;sTMA—kanemite is transformed into pure layered C;sEO;o—kanemite
by the acid treatment in an excessive C,EO,, aqueous solution. C,EO,, molecules are not
directly intercalated into kanemite, but the interactions among C;sTMA ions, C,EO,,
molecules, and silicate surface effectively work to induce the intercalation. This method is
promising to intercalate a wide variety of functional polymers that have not been reported
to be intercalated conventionally. Because the charge density of kanemite was changed
during acid treatment, this reaction can be categorized as a sort of intercalation reactions
rather than conventional intercalation reactions which proceed without change of crystal
structure of layers. C;sEOjp—kanemite shows an interesting reversible hydrophobic and
hydrophilic character. Because C,EQO,, is useful as a carrier for drug delivery system and as
adsorbents for both hydrophobic organic contaminants and hydrophilic toxic heavy metal
cations, C,EO,—kanemite, which is easily handled as powders with higher thermal and

chemical stabilities, has a potential for such applications.
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Intercalation Mechanism of

Poly(oxyethylene) Alkyl Ether into Kanemite

1. Introduction

Intercalation compounds based on layered silicates have received considerable
attention as green and sustainable materials such as catalysts, catalyst supports and
adsorbents because of the expandable nanospaces and the inherent high surface areas.!'™
Such applications have been achieved by controlling interlayer environments including
organic modification as well as the variations in layer charge, SIOH density, and polarity.
Therefore, a precise control of layered structures is promising for the developments of new
functionalities and high performances.

Layered silicates composed of only SiO4 units, such as kanemite, magadiite,
octosilicate, etc. have SiIOH/SiO groups at the surfaces of the silicate frameworks and

[1,3-5

exchangeable alkali metal cations in the interlayer spaces!'”>!. The design of interlayer

spaces has been achieved by various methods such as ion exchange, adsorption of polar
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molecules, acid-base reaction and silylation.!") Nonionic surfactants like poly(oxyethylene)
alkyl ether (C,EO,,) were not directly intercalated into layered silicates, and just adsorbed
on the external surfaces'® because of the high density of SiIOH/SiO~ groups and the low
polarity of EO chains.

In a previous study, C,EO,, was successfully intercalated into a layered silicate
kanemite!”! by using a hexadecyltrimethylammonium (C;¢TMA) intercalated kanemite
(C16TMA-kenemite[8]) as an intermediate. The acid treatment of the intercalated kanemite
in an aqueous solution of C,EQO,, induced further intercalation of C,EO,, molecules with
the elimination of C;sTMA cations, resulting in the formation of pure C,EQO,, intercalated
kanemite. During the intercalation of C,EQO,, molecules, SIOH groups of kanemite were
condensed within the individual silicate sheets (intralayer condensation). We suggested
that the density of SiIOH/SiO groups, which is related to the intensity of O° peaks in *’Si
MAS NMR spectra, influences the intercalation of nonionic surfactants. The control of the
SiOH/Si0 density would lead to the precise design of interlayer spaces by intercalation of
nonionic surfactants.

In this study, we investigated the intercalation behavior of C,EO,, molecules into
CisTMA—kanemite with different SiOH/SiO densities, and the intermediates were
obtained by changing the reaction temperature of kanemite with C;sTMA cations.®! The
intercalation behavior of C,EO,, molecules has been investigated only for
C1sTMA—kanemite prepared at room temperature as an intermediate..’) Therefore, the
insight obtained in this study is useful for further understanding of the intercalation

behavior of C1,EO;o molecules into layered silicates.
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2. Experimental

Materials

Kanemite (NaHS1,05-:3H,0) was obtained by dispersing 8-Na;Si,Os (1.0 g) in
deionized water (50 mL) with stirring for 0.5 h.”™ Hexadecyltrimethylammonium chloride
(Ci6H33N(CH3)3Cl, denoted as C;sTMACI, Tokyo Kasei Kogyo) and C;6sEO

(C16H33(0OC,H4)100H, Aldrich) were used as received.

Synthesis of C1¢TMA-kanemite (L1)

The synthetic pathway is summarized in Figure 1. CisTMA—kanemites with
different SIOH/SiO densities were prepared by the reactions of kanemite with C;¢TMA
cations at temperatures ranging from room temperature (r.t.) to 90 °C."*! Kanemite (1.0 g)
was added to an aqueous solution (200 mL) of 0.1 M C;,TMACI and the mixture was

stirred for 2 days at room temperature, 50 °C, 70 °C, and 90 °C. The resultant solid

e o
e O°

@

kanemite + . .
C16TMA\+ H | H%I
Na" Yg
@ Cn EOm
s SN e
E }%
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Si Si Si | Si
C 16 TMA-kanemite ChEOn-CisTMA-kanemite C EO, -kanemite
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Figure 1. Synthetic pathway of L1, L2, and L3.
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products were separated by centrifugation and air-dried, which are denoted as L1(r.t.),

L1(50), L1(70), and L1(90), respectively.

Intercalation of C16EO1 into L1

L1 was dispersed in an aqueous solution of C1cEOj¢ (0.1 M, 40 mL). The mixture
was stirred for 2 days at room temperature and centrifuged to recover the resultant product.
The slurry was washed by dispersing in deionized water, stirred for 5 min, and centrifuged.
This procedure was repeated twice to remove residual C;4EO;o molecules completely and

air-dried. The products are denoted as L2(r.t.), L2(50), L2(70), and L2(90), respectively.

Acid treatment of L2(r.t.)

The wet slurry of L2(r.t.) (0.2 g as dried L1(r.t.)) was dispersed in an aqueous
solution of CicEOj¢ (0.1 M, 40 mL). The pH value was decreased to 3.0 by adding HCI
(1.0 M) slowly over 0.5 h. The mixture was stirred for 1 day. The slurry was centrifuged,

washed twice with deionized water, and air-dried. The product is denoted as L3(r.t.).

Characterization

X-ray powder diffraction patterns (XRD) were obtained with a Rigaku
Rint-Ultima III powder diffractometer (CuKa, A = 0.15418 nm) by using a parallel beam
geometry equipped with a parabolic multilayer solar slit. The amounts of organic
constituents were determined by CHN analysis (Perkin Elmer, 2400 Series II).
Thermogravimetry (TG) measurements were carried out with a Rigaku Thermo Plus 2
instrument under a dry air flow at a heating rate of 10 °C min', and the amounts of SiO,

fractions in the products were calculated from the residual weights after heating up to
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900 °C. Two-dimensional (2D) *’Si{'H} HETeronuclear chemical shift CORrelation
(HETCOR) NMR experiments”’ were performed under conditions of magic-angle sample

spinning at 56 kHz, using a us 7/2 'H pulse, followed by a 4.0 ms contact time.

3. Results and Discussion

3.1. Intercalation of C16EQO1¢ into L1

The XRD patterns of L2s are shown in Figure 2. As reported previously, L2(r.t.)
has a layered structure having the d-spacings of 3.3, 1.6 and 1.1 nm.!”) The XRD patterns
of L2(50) (3.3, 1.7 and 1.1 nm), L2(70) (3.6, 1.8 and 1.2 nm) and L2(90) (3.7, 1.8 and 1.2
nm) exhibit successful intercalation into L1s because these three peaks are assignable to
layered structure and the d-spacings of the main peaks are larger than those observed for
the corresponding intermediates.

The CsTMA/Si and C6EO,(/S1 ratios calculated from the CHN and TG data are
summarized in Table 1. The carbon contents of L2(50), L2(70), and L2(90) (45.4, 44.8,
and 44.3 mass%) are larger than those of L1(50), L1(70), and L.1(90) (41.4, 40.1, and 40.0
mass%). The results also support the intercalation of C;sEO;¢ molecules into L1s.

The C;4EO,(/Si molar ratios of L2(50), L2(70), and L2(90) are 0.09, 0.10 and
0.10, respectively. The ratios are increased with the increase in the synthetic temperature of
L1s. The L1s obtained at higher temperatures showed higher 0*/(0*+0") ratios, suggesting
the proceeding of intralayer condensation of SiOH groups.® Therefore, the decrease in the
SiOH/SiO density enhances the intercalation of C;sEO;¢ molecules into L1.

The C;6TMA/Si molar ratios of L2(50), L2(70), and L2(90) (0.19, 0.13 and 0.13)
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Figure 2. XRD patterns of (a) L1(r.t.), (b) L1(50), (c) L1(70), (d) L1(90), (¢) L2(r.t.), (f) L2(50),

(2) L2(70), and (h) L2(90)

Table 1. Amount of organic fractions and SiO, in the kanemite-based products

Sample C/mass% N/mass% SiO,/mass % Ci«TMA/Si C6EO,0/Si AC s TMA/Si**
L1(r.t.) 42.7 2.6 36.2 0.30 - -
L1(50) 414 2.4 38.4 0.27 - -
L1(70) 40.1 22 41.0 0.23 - -
L1(90) 40.0 2.4 40.7 0.25 - -
L2(r.t.) 46.7 1.9 33.9 0.26 0.07 0.04
L2(50) 454 1.5 33.2 0.19 0.09 0.08
L2(70) 44.8 1.1 36.9 0.13 0.10 0.10
L2(90) 443 1.1 36.4 0.13 0.10 0.12

* These data are obtained from our previous paper. ”
** AC1sTMA/Si equals to C;4TMA/Si of L1 minus C;,TMA/Si of L2.

are lower than those of L1(50), L1(70), and L1(90) (0.27, 0.23 and 0.25), respectively.

CisTMA cations were eliminated partially by the reaction with an aqueous solution of
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C16EOjo. The decrease of C;cTMA cations was also observed in the case of L1(r.t.); the
C1sTMA/S1 molar ratio decreased from 0.30 to 0.26."" The decreased amount of the
C16TMA/Si molar ratio (AC;sTMA/Si) in L2(r.t.), L2(50), L2(70), and L2(90) are 0.04,
0.08, 0.10 and 0.12, respectively. Because the intralayer condensation within the individual
sheets of kanemite causes the decrease of the SiOH/SiO density, the electrostatic
interaction of C;sTMA cations with silicate layers decreases with the condensation.
Therefore, the intralayer condensation of the silicate layers can enhance the elimination of
C1sTMA cations.

The XRD patterns of L2s showed that the d value of the main peak increased
when L1s with much condensed frameworks were used. The d value and the C;cEQO;¢/Si
ratio of L2(r.t.) also increased with the decrease in the pH value during the acid treatment
in an aqueous solution of C16E010.m We explain the increase in the d value by the
assumption that weak interaction between C;sEO;p molecules and silicate surfaces is
dominant in the interlayer region. Similarly, in this study, the increase of the d value with
the increase of the amount of condensed silicate species in L1s arises from the increase of

the amount of intercalated C;cEQO .

3.2. Intercalation mechanism

L2(r.t.) was treated with hydrochloric acid in an aqueous solution of C;sEOj to
remove C;sTMA cations completely and to precede the intralayer condensation of SiIOH
groups (Figure 1). We analyzed the interactions between C;cEO;p molecules and silicate
layers of L3(r.t.) by using HETCOR NMR. The 2-D NMR spectrum of L3(r.t.) (Figure 3)
showed the correlation between water (at 5.0 ppm, 'H) and Q° species, showing the

presence of adsorbed water on the silicate surfaces.'"” T observed the correlations arising
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Figure 3. 2-D ’Si{'H} HETCOR NMR spectrum of L3(r.t.)

from the dipole-dipole couplings between methylene protons (1.3 ppm, 'H) and the O
species, and between oxyethylene protons (3.0 ppm, 'H) and the Q° species. The
correlations display that both oxyethylene chains and alky chains are located closely to the
O’ species. The intensity of the peak due to methylene protons is higher than that due to
oxyethylene chains, despite the number of protons in alkyl chains is less than that in
oxyethylene chains. Therefore, it is suggested that alky chains are more closely located to
the silicate layers than oxyethylene chains. This closer location of alkyl chains with the
silicate layers can be explained by assuming the hydrophobic interaction between the alkyl
chains and the silicate layers. L3(r.t.) has a higher O /(O™ +0% ratio (0.48)!") because of
intralayer condensation of SiOH during the acid treatment. In general, silica surfaces
composed mainly of O* species are more hydrophobic than those of Q° species. We predict
that the hydrophobicity of silicate layers due to the presence of more Q" species enhances
the intercalation of C;6EOo.

The Ci6sEO;0/Si molar ratio of L2(r.t) was increased with the increase in the
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synthetic temperature of L.1s (Table. 1). The mechanism of intercalation of C;sEO;( can be
explained as follows: L1s with higher O*(Q’+0Q") ratios can be obtained at higher
temperatures because of the progress of intralayer condensation. The surface with larger
amount of O* species can provide hydrophobic interlayer surfaces. The amount of C;¢EO
adsorbed on the silicate surfaces increased according to the hydrophobic interaction
between the surfaces and alkyl chains of C;sEO,¢. Therefore, the intralayer condensation of
SiOH enhances the intercalation of C;cEOj¢ in the interlayer spaces of L1s. We have
already showed the increase of the C;sEO;(/Si ratio with the decrease in the pH value of
the reaction medium because of hydrogen bonding between SiOH and EO chains.!”

However, the hydrophobic interaction between alkyl chains and silicate surfaces also

affects the intercalation property of C;csEO;o molecules into L1s.

4. Conclusion

Intercalation behavior of C;sEO;9 molecules into layered silicates was
investigated by using C;sTMA—kaenemites (L1s) with different SIOH/SiO densities. The
decrease in the SiOH/SiO densities of C;TMA—kanemites enhances the hydrophobicity
of the interlayer surface. The amount of intercalated C;sEO;p molecules is increased
according to the intralayer condensation which induces the hydrophobic interaction
between alkyl chains and silicate surfaces. The eliminated amount of C;cTMA cations is
increased when Ci;gTMA—kaenemites with more condensed frameworks are used. The
intercalation of C,EQO,, molecules into layered silicates is controllable depending on the

conditions. The design of the interlayer environments of layered materials is promising for
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the enhancement of the properties as green and sustainable materials such as catalysts,

catalyst supports and adsorbents.
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Enlargement of Mesopores of 2-D
Orthorhombic KSW-2-type Silica by the
Addition of Poly(oxyethylene) Alkyl Ether

during the Mesostructural Formation

1. Introduction

Ordered mesoporous silicas!'? possess high surface area, large adsorption
capacity, and periodic, uniform, and tunable mesopores with 2-50 nm in pore size. Because
of the unique structural features, mesoporous silicas have received much attention for

practical uses in adsorbents,”) catalysts,[*! electronic devices,'” optical devices,™ drug

[9-10] 11]

delivery carriers, and low-k materials,!'!) etc. For their applications, the control of both
mesostructural (pore size, pore shape, etc.) and microstructural (crystallinity and surface

structure of mesopore walls) scales is quite important. The mesostructural control,
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important for improving selectivity, dispersibility, and accessibility of guest molecules has

[12-14

mainly been developed by the selection and design of surfactants. ] The mesopore size

[15]

can also be increased by using pore expanders, such as alkylamines and

[16]

trimethylbenzene, in the presence of structure directing amphiphilic organic

17]

molecules.'”) However, in order to develop sophisticated applications of ordered

mesoporous silica, simple mesostructural control is insufficient because the density of
silanol groups in the pore walls and also the surface structure (microstructural control)
greatly affect the activities and reactivities.

The crystallinity of mesopore walls (silicate frameworks) is important as an
influential parameter of the microstructural control for enhancing the catalytic activities. It
is clear that the presence of large mesopores is quite attractive for effective diffusion of

large organic molecules. Recently mesoporous zeolites (formed through dual templating

18-19] [20-23]

method,! hard-templating using carbon species, organosilane-directed

[24-26]

synthesis, and so on.) have been reported by several research groups. Another unique

]

synthetic method using crystalline silica precursors is the use of a layered silicate,*’”! and

(128311 and other layered

various mesoporous silicas have been prepared from kanemite
silicates.”?*>¥ In particular, 2-D orthorhombic mesoporous silica (KSW-2)" is quite
interesting because of their crystalline units of silica wall originating from kanemite. The
2-D orthorhombic structural precursor of KSW-2 (asKSW-2) is obtained by an acid
treatment of hexadecyltrimethylammonium-intercalated kanemite (C16TMA-kanemite[3 6]).
The bending of the silicate layers was proved by transmission electron microscopy by the
Terasaki group.””! Although calcination of as-KSW-2 leads to the deformation of the

periodicity in the silicate frameworks, the crystal structure can be retained by using precise

modification of as-KSW-2 using molecularly designed silylating agents.””! Accordingly,
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KSW-2-type mesoporous silica is quite attractive as high-performance catalysts according
to the unique structural features, such as the periodicity in the designed silicate framework
and square-shaped mesopores.*®! However, the pore size control of KSW-2 has not been
achieved yet. KSW-2 type mesoporous silica can be obtained only when C;sTMACI and
Ci4sTMACI] are used because the solubility mainly influences the mesostructural
transformation of lamellar intermediates into 2-D orthorhombic structures.

From the viewpoint of intercalation chemistry, the adjustment of interlayer
distance of intercalation compounds has been well demonstrated through co-intercalation
of additional guest species.””*” We reported the expansion of interlayer distance of
lamellar C;sTMA-kanemite by further intercalation of nonionic surfactants, such as
poly(oxy ethylene) alkyl ether (C,EO,,; n = 16, m = 10).*") C,(EO¢-intercalated kanemite
(without C;sTMA cations) was also obtained by an acid treatment at pH 3 with
hydrochloric acid in an aqueous solution of C;sEO;¢. The acid treatment in the C;sEO;¢
solution promoted both the intercalation of CicEO;¢ and the deintercalation of C;(TMA
cations and then pure C;cEOj¢-intercalated kanemite with a large dyo;-spacing of 5.5 nm
was obtained. Accordingly, intercalation of C;sEO;o with acid treatment is a quite
attractive method for controlling the interlayer distance of such lamellar
surfactant-kanemite materials. A mixed surfactant system using both C;cEO;¢ and
C1sTMACI was also used for the expansion of the pore size of MCM-41 type mesoporous
silica.[*”

The thickness of mesopore walls of KSW-2 is thin because the mesopore walls of
KSW-2 are basically composed of single silicate layers of SiOy tetrahedra, as derived from
kanemite. Therefore, the expansion of mesopores of KSW-2 should increase pore/wall

ratio with constant thickness of pore walls. It is known in general that the enhancement of
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(1 Thus, the mesostructural

pore/wall ratio will be advantageous for low-k materials.
control of KSW-2 is highly demanded. In this paper, the preparation of KSW-2-type silica
with expanded mesopores is reported by utilizing intercalation of poly(oxyethylene) alkyl
ether into C;sTMA-kanemite, as illustrated in Figure 1. The acid treatment of
CisTMA-kanemite in an aqueous solution of C;,EO;¢ induces the simultaneous reaction of
intercalation of Ci;cEOj¢ into the interlayer of C;sTMA-kanemite, deintercalation of
CisTMA cations, and mesostructural transformation of lamellar into 2-D orthorhombic

structures, which could open a precise and continuous mesostructural control of KSW-2

type mesoporous silica.

e Calcination
'6“63““
20 :
i TMA as-KSW-2 KSW-2
16
ACmEOm ? %

C1sTMA-kanemite acid treatment %?g'j}) %ﬁ%‘?} Calcination

CoTMA as-PE-KSW-2 cal-PE-KSW-2

16 (as-synthesized pore-expanded KSW-2) (calcined-pore-expanded KSW-2)

Figure 1. Schematic formation mechanism of KSW-2 and pore-expanded KSW-2.

2. Experimental

Preparation of C1sTMA-kanemite
A layered silicate kanemite (NaHSi,0Os:3H,O) was prepared by dispersing
0-Na,S1,0s5 (1.0 g) in deionized water (50 mL) with stirring for 0.5 h.®! The Na/Si molar

ratio of kanemite was checked to be ca. 0.5 by inductively coupled plasma emission
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spectroscopy (ICP). The XRD pattern of the resultant kanemite was consistent with that
recorded in the JCPDS file (25-1309). A hexadecyltrimethylammonium-intercalated
kanemite (C;sTMA-kanemite) was prepared by ion-exchange of interlayer Na“ with
Ci6TMA cations. Kanemite (0.2 g) was dispersed in an aqueous solution of C;sTMACI
(0.1 M, 40 mL, Tokyo Kasei Kogyo Co.). The suspension was stirred at room temperature
36,41]

for 2 d, and then C;sTMA-kanemite was recovered by centrifugation and air-drying.!

The amount of remaining Na' after the ion-exchange was virtually zero (ICP).

Synthesis of pore-expanded KSW-2

Poly(oxyethylene) alkyl ether (C,EO,,; n = 16, m = 10; Aldrich) was used as a
pore expander. The acid treatment of C;sTMA-kanemite was done in an aqueous solution
of C1cEO;¢ with concentrations of 0, 1, 5, 10, 50, and 100 mM. An aqueous solution of
acetic acid (0.1 M) was added dropwise to each mixture to adjust the pH value to 5.5 for 30
min. Each mixture was stirred for another 30 min and centrifuged. The resultant solid
products were washed twice with deionized water (40 mL) and air-dried for 1 day.
As-synthesized KSW-2 type silica is denoted as as-PE-KSW-2 x (x = concentration of
C16EO10). As-PE-KSW-2 0 means conventional as-synthesized KSW-2 (as-KSW-21)
without the addition of C;sEO;o. As-PE-KSW-2 x were calcined at 550 °C for 5 h to

remove organic fractions completely and named as cal-PE-KSW-2 x.

Characterizations
X-ray powder diffraction (XRD) measurements were performed on a Rigaku
Rint-Ultima IIT diffractometer with Cu Ka (A = 0.15418 nm) radiation by using a parallel

beam geometry equipped with a parabolic multilayer solar slit. The contents of Na and Si
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were measured by ICP with a Vista-MPX instrument (Varian Technology Japan Ltd.).
Solid-state °C CP/MAS NMR spectra were recorded on a JEOL JNM-CMX-400
spectrometer at a resonance frequency of 100.5 MHz and a recycle delay of 5 s. Samples
were put into a 5 mm zirconia rotor and spun at 8 kHz. The chemical shift was externally
referenced to hexamethylbenzene at 17.4 ppm (-CHj3). The amount of surfactants (C;sTMA
and CjsEOy9) was determined by CHN analysis (Perkin Elmer, 2400 Series II).
Thermogravimetry (TG) measurements were carried out with a Rigaku Thermo Plus 2
instrument under a dry air flow (200 mL-min') at a heating rate of 10 °C-min .
Transmission electron micrographs (TEM) were recorded with a JEOL JEM 2010
instrument, operated at 200 kV. Nitrogen adsorption-desorption isotherms were recorded
by using a Quantachrome Autosorb-1 at 77 K. Samples were dried by heating at 120 °C for
3 h under vacuum prior to the measurement. Specific surface areas (Sggr) were calculated
by the BET method using adsorption data. Inner surface areas (Sime) and total pore
volumes (V) were estimated by the z-plot method, and then pore sizes were calculated by

(35,37

an equation of 4V/Sinner- I Pore size (Dgjy) distributions were calculated by the BJH

method on the basis of an assumption of a structural model with cylindrical mesopores.

3. Results and Discussion

3.1. Mesostructural control of as-PE-KSW-2
CisTMA-kanemite is a lamellar material showing the diffraction peaks of 2.9, 1.4,
and 1.0 nm in the XRD pattern (Figure 2a), and the acid treatment of C;sTMA-kanemite

(as-PE-KSW-2_0 which is equivalent to as-KSW-2*)) induced the mesostructural change
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Concentration
of C16EO10

100 mM (g)

Intensity (a.u.)

x 0.2
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Figure 2. XRD patterns of (a) C;sTMA-kanemite; and (b) as-PE-KSW-2 0, (¢) 1, (d) _5, (e) _10,
(f) 50, and (g) _100. Symbols indicate the assignment of diffraction peaks to e: (11), ¥: (20), and
¢: (22) of the 2-D orthorhombic structure.

to a 2-D orthorhombic phase in water without C;cEO, (Figure 2b), as reported
previously.”!"! The lamellar structure of C;sTMA-kanemite disappeared completely by the
acid treatment in an aqueous solution of C;sEO as in the case without using C;,EOo. The
XRD patterns of as-PE-KSW-2 1 after the acid treatment in aqueous solution of C;csEOg

(1 mM) showed the peaks at 4.1, 2.8, and 2.0 nm (Figure 2c). The ratio of the d-values was
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2:72:1, and these peaks are assignable to (11), (20) and (22) planes of a 2-D orthorhombic
structure.”*! In the XRD patterns of as-PE-KSW-2_ 5, 10, and 50, the (11), (20), and (22)
peaks were also observed (Figure 2d-f). The d-values of the (11) lattice plane of
as-PE-KSW-2 0, 1, 5, 10, and 50 were 4.0, 4.1, 4.2, 4.3, and 4.6 nm, respectively.
The acid treatment with higher concentration of C;sEO,( produces the higher d-values of
the 2-D orthorhombic phase.

Typical TEM images of as-PE-KSW-2 10 are displayed in Figure 3. A rectangle
grid pattern (Figure 3a) and one-dimensionally ordered stripe patterns (Figure 3b) were
observed clearly, being in good agreement with the XRD pattern of as-PE-KSW-2 10
(Figure 2¢). The rectangle size was ca. 3 nm x 3 nm on the basis of the FFT image of the
grid pattern and the d;; value was calculated to be 4.4 nm, being similar to the
corresponding d;;-value (4.3 nm) in the XRD pattern (Figure 2e).

The XRD peaks of as-PE-KSW-2 x (x = 1~100) were broadened with the increase

in the C;4EO,( concentration. It is difficult to assign the higher order peaks, (20) and (22),

[l s

Figure 3. TEM images of as-PE-KSW-2 10 taken along with (a) parallel and (b) perpendicular

directions to 1-D mesochannels.
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for as-PE-KSW-2 100 because of the broadening. Electrostatic interactions between
Ci6TMA 1ons and silicate layers are stronger than hydrogen bonding between EO chains
and silicate layers. The regularity of mesostructure was decreased because the interactions
between surfactants and silicate layers decreased due to the increase in the amount of
intercalated C;cEOj;9o. We have already reported the intercalation of C;¢EO;¢ into
C1sTMA-kanemite without the acid treatment. [41] CisTMA-kanemite was dispersed into an
aqueous solution of C;cEO;¢ (100 mM), and then the mixture was just stirred. The obtained
sample showed sharp XRD peaks at the d-spacings of 3.3, 1.7, and 1.1 nm. These peaks
were assignable to (001), (002), and (003) planes of the lamellar structure. On the basis of
these results, it can be summarized that all the as-PE-KSW-2 x samples after acid
treatment showed lager d},-values (4.0~4.6 nm) that cannot be assigned to lamellar but to
2-D orthorhombic phases. Thus, the addition of C;sEO;( in the acid treatment is necessary
to control the mesostructure through the transformation from the lamellar to the 2-D
orthorhombic.

All the signals (14.7, 23.7, 25.3, 27.4, 31.0, 33.0, 54.3, and 67.2 ppm) in the B
CP/MAS NMR spectrum of as-PE-KSW-2 0 are assignable to C;¢qTMA (Figure 4a),!*!!
revealing the presence of only C;¢TMA cations in as-PE-KSW-2 0. The *C CP/MAS
NMR spectra of as-PE-KSW-2 x (x = 1~100) showed additional signal at 71.3 ppm that
can be assigned to poly(oxyethylene) chain (-OCH,CH,-) (Figure 4b-g). The additional
small signals at 62.1 and 73.1 ppm due to other carbon atoms in C;sEO;, such as
HOCH,CH;- and -OCH,C,sH3,, respectively, are observed for as-PE-KSW-2 50 and 100.
Therefore, the presence of C;4EO ¢ in as-PE-KSW-2_x (x = 1~100) was confirmed by °C
CP/MAS NMR. The chemical shift due to the interior methylene groups should be changed

according to the conformation. The signal due to carbon atoms in methylene groups with
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Figure 4. °C CP/MAS NMR spectra of (a) C;sTMA-kanemite and (b) as-PE-KSW-2 0, (¢) 1, (d) 5,
(e) 10, (f) _50, and (g) 100.

all-trans conformation is observed at 33 ppm, while it is shifted to 31 ppm by changing the
conformation to trans/gauche.®** The signals due to the interior methylene groups in
hexadecyl chains of C;sTMA and C;sEO, are overlapped. The chemical shifts of interior
methylene carbons of all as-PE-KSW-2 x (x = 0~100) were 33.0 ppm, though that of
CisTMA-kanemite was 31.0 ppm, meaning that the methylene chains were changed from

all-trans to trans/gauche through the acid treatment with the deintercalation of C;sTMA
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cations. In lamellar C;¢EO¢-intercalated C;sTMA-kanemite (without acid treatment),
almost all the methylene carbons take all-frans conformation.[*'! The difference in the alkyl
chain conformations can be explained by the formation of rod-like micelles through the
deintercalation of C;cTMA cations and the accompanying structural transformation by the
acid treatment (See Figure 1 and ref. 35).

The CisTMA/Si and C;4sEO;(/Si molar ratios, calculated from the CHN analysis
and TG data, are summarized in Table 1, and are plotted with the concentration of C;cEO
(Figure 5). The C1,TMA/Si molar ratios were calculated on the basis of the nitrogen and
Si contents. As reported previously,m] the C14TMA/Si molar ratio of C;(TMA-kanemite
was decreased from 0.30 to 0.19 by an acid treatment (without C;cEO¢). C;¢TMA cations

were ion-exchanged with H' and deintercalated, accompanied with the mesostructural

0.4 6.0
1 \

0.3 — 5.0
0 [
<
= - £
|_© - c
S 0.2 — 4.0 ©
5 - S
@ s
2 s
o) C16TMA/Si
W 0.1 — 3.0
o

C16EO40/Si

0.0
0 20 40 60 80 100
Concentration of C4EO ¢ / mM

Figure 5. Variations in the d,;-value and amount of C;,EO; and C;(TMA in as-PE-KSW-2_x.
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Table 1. Composition of C;sTMA-kanemite and as-PE-KSW-2_x

Sample C/mass% N/mass% Si0,/mass% " CisTMA/Si Ci6EO,¢/Si Ci6EO,o/C1sTMA

C1sTMA-kanemite 427 2.6 36.2 0.30

as-PE-KSW-2_0 352 2.1 49.0 0.19 0.00 0.0

as-PE-KSW-2_1 33.5 1.7 44.7 0.17 0.02 0.1

as-PE-KSW-2 5 35.8 1.4 43.7 0.13 0.04 0.3
as-PE-KSW-2_10 37.7 1.1 39.5 0.12 0.07 0.5
as-PE-KSW-2_50 37.5 0.7 479 0.06 0.08 1.3
as-PE-KSW-2_100 31.6 0.4 48.1 0.03 0.07 2.2

" Residual amount after heating the samples at 900 °C by TG.

variation of C;¢TMA-kanemite. The C;sTMA/Si molar ratios of as-PE-KSW-2 1, 5, 10,
50, and 100 were 0.17, 0.13, 0.12, 0.06, and 0.03, respectively.

On the basis of the charge compensation of the interlayer region, C;sTMA cations
were exchanged with H' in the solution, and the reaction was enhanced by the different H"
concentrations between the solution and the interlayer of C;sTMA-kanemite. However, the
pH values of the acid treatment were same at pH 5.5 for all the samples. Therefore, the
decrease of C;¢TMA/Si with the concentration of C;sEO;y cannot be explained by the
concentration of H'. It is assumed that the presence of C;sEO;p molecules in a solution
enhanced deintercalation of C;sTMA cations because the headgroup of C;sTMA cations is
considered to interact with poly(oxyethylene) chain of C;cEO;¢ in the aqueous solution
regardless of the micelle formation.*!! Thus, the acid treatment of C14TMA-kanemite leads
to simultaneous reactions of (1) intercalation of C;sEO;¢ into the interlayer of
Ci1sTMA-kanemite, (2) deintercalation of C;sTMA cations, and (3) mesostructural change
from lamellar to 2-D orthorhombic phases.

The Ci6EO;¢/Si molar ratios were calculated from the residual carbon content

excluding that of C;cTMA cations. The C;sEO;¢/Si molar ratios of as-PE-KSW-2 1, 5,
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10, 50, and 100 are 0.02, 0.04, 0.07, 0.08, and 0.07, respectively. The variation in the
C16EO1¢/S1 molar ratio can be categorized into two parts as follows. The C;cEO;¢/Si molar
ratio was increased up to 0.07 with the concentration of C;cEO;¢ from 0 to 10 mM, and
was constant about 0.08 with the concentration from 10 to 100 mM. In the range from 0 to
10 mM, it is supposed that the increase of the C;4EO;¢ concentration elevates the
concentration gradient between the solution and the interlayer of C;¢TMA-kanemite, and
promotes the intercalation of C;cEOjo. A possible interpretation of the plateau of
C16EO1¢/S1 molar ratio is that the interaction of the silicate framework with oxyethylene
chain is mainly hydrogen bonding and weaker than electrostatic interaction between SiO
groups and trimethylammonium headgroups. Therefore, the amount of C;cEO
intercalated into the interlayer was saturated at higher C;sEO;¢ concentrations.

The d;-value of as-PE-KSW-2 x (x = 0~100) was increased with the
concentration of C;cEOjo. The dj;-value is not proportional to the C;cTMA/Si and
Ci6EO1¢/S1 molar ratios. In contrast, the dj;-value was linearly increased with the

Ci6EO10/C1sTMA molar ratio in the as-PE-KSW-2 x samples after drying, as plotted in

4.8
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= i O
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Figure 6. Dependence of the di; value as a function of C;sEO;¢/CisTMA in as-PE-KSW-2 x. The

value for as-PE-KSW-2 100 was omitted because of the less ordered mesostructure.
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Figure 6. Hence, the increase of the C;sEO;0/CisTMA molar ratio is a key parameter,
which is probably explained by loose packing of micelles including C;sEO;¢ and/or
swelling of oxyethylene chains with water molecules provided from the aqueous solution.
We reported that lamellar CcEO;¢-intercalated kanemite (C;¢TAM/Si = 0, C;cEO¢/Si =
0.19) after complete removal of C;sTMA cations showed larger dyo;-value (5.5 nm) than
that of C;sEO,¢-intercalated C;sTMA-kanemite (doo;y = 3.3 nm, C;(sTAM/Si = 0.26,
Ci16EO1¢/S1 = 0.07) even though the total organic contents were decreased.*! In addition,
Ci6EOjp-intercalated kanemite indicated the expansion of the interlayer space by
adsorption of water. Thus, as-PE-KSW-2 type silica was mesostructurally controlled by the
adjustment of intercalation of C;sEO;o molecules and deintercalation of C;sTMA cations

by acid treatment in this mixed surfactant system.

3.2. Pore-expansion of cal-PE-KSW-2

The XRD patterns of the sample after calcination exhibited the peaks assignable
to the (11) plane of 2-D orthorhombic structure, and the d-spacings were 3.5, 3.5, 3.7, 3.8,
4.4, and 4.8 nm for cal-PE-KSW-2 0, 1, 5, 10, 50, and 100, respectively (Figure 7).
The existence of the peak after calcination strongly supports the structural transformation
into 2-D orthorhombic by the acid treatment. Compared with those observed for
as-PE-KSW-2_x, the d-values of cal-PE-KSW-2 x were decreased by the shrinkage of the
silicate frameworks during calcination. With the increase in the C;4EO;( concentration, the
peaks in the XRD patterns of cal-PE-KSW-2 x, especially cal-PE-KSW-2 100 were
broadened (Figure 7f), being related to the deformation of the mesostructure with the
increase in C;6EO;o/CisTMA molar ratio. This decrease of the mesostructural ordering

depends on the ordering of samples before calcination (as-PE-KSW-2 x). Therefore, the

100



Chapter 4

Intensity (a.u.)

x 0.5
(a)
IIIIIIIIIIIIIIIIIIIIIIIIIIIII
2 3 4 5 6
20/ ° (CuKa)

-—
~

Figure 7. XRD patterns of (a) cal-PE-KSW-2 0, (b) 1, (c) 5, (d) 10, (e) 50, and (f) _100.

increase of the C;sEOQ;¢/C;sTMA molar ratio probably disturbs the formation of regularly
arranged 2-D orthorhombic mesostructure of cal-PE-KSW-2 x.

The TEM images of cal-PE-KSW-2 0, 1, 5, 10,and 50 are shown in Figure 8,
proving the formation of ordered and less ordered rectangular grid mesopores after
calcination. The ordering of the patterns was decreased with the increase of x, which agrees
with the broadening of the XRD peaks (Figure 7). In the TEM image of
cal-PE-KSW-2 100, rectangle patterns were partially distorted and crushed. In the case of

MCM-41 type mesoporous silica synthesized using mixed surfactants of C;cEO;¢ and
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Figure 8. TEM images of (a) cal-PE-KSW-2 0, (b) 1, (c) 5, (d) 10, (e) 50, and (f) _100.

CisTMA (molar ratio = 1.0: the same ratio for the structural deterioration of the above
system), a 2-D hexagonal mesostructure was successfully observed.*” The difference is
probably caused by the different thicknesses of silica walls. The thickness of the silica
walls of KSW-2 type mesoporous silica is independent of pore size, and is thinner than that

of MCM-41 type mesoporous silica.*”!

Therefore, the partial disordering of
cal-PE-KSW-2 100 comes from the mechanical weakness because this sample possesses
larger pores despite the thin silica walls. Nevertheless, the pore size of the samples is

continuously controlled in the range from 3.5 to 4.4 nm with the retention of the 2-D

orthorhombic structure by varying the concentration of C;sEO.
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All the N, adsorption-desorption isotherms of cal-PE-KSW-2 x showed type IV
behavior (Figure 9) characteristic of mesoporous materials.!*”! The BET surface area, pore
volume, and pore size of cal-PE-KSW-2 x are summarized in Table 2. The BET surface
areas of cal-PE-KSW-2 x are almost constant in the range of x = 0~50, while
cal-PE-KSW-2 100 exhibits a reduced surface area because of the deformation of the

mesostructure. The pore volume (V) of cal-PE-KSW-2 100 is also relatively smaller than
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Figure 9. N, adsorption-desorption isotherms of (a) cal-PE-KSW-2 0, (b) 1, (c) 5, (d) _10, (e) _50,
and (f) _100. e: adsorption, o: desorption.
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Table 2. Surface area, pore volume, and pore size of cal-PE-KSW-2_x.

sample BET surfazce area Pore vo}lurr:e Inner surfazce area Pore size
Sger /m” g Viem’ g Sinner /M” g AV/Sipner /MM
cal-PE-KSW-2 0 1400 0.64 1200 2.1
cal-PE-KSW-2_1 1500 0.75 1400 2.1
cal-PE-KSW-2_5 1200 0.63 1100 23
cal-PE-KSW-2_10 1400 0.77 1100 2.7
cal-PE-KSW-2_50 1200 0.71 800 3.6
cal-PE-KSW-2_ 100 900 0.51 700 .

" The data for cal-PE-KSW-2_100 was omitted because of the less ordered 2-D orthorhombic structure.

those of the others. These decreases are due to partial distortion and crushing of the
mesopore. The pore size, which is calculated by 4V/Sine, corresponds to the average
length of one side of rectangular mesopores. In the range of x = 1~50, the pore size was
increased and in good agreement with the increase of the d;;-value.

The Dg)y distribution is meaningful for the discussion on the uniformity of pores
of cal-PE-KSW-2 x samples, though the Dgjy distribution does not fully indicate true
values because the mesopores of cal-PE-KSW-2 are not cylindrical but rectangular. With
the increase of the concentration of CisEOj9, the width of the distribution of
cal-PE-KSW-2 x is broadened and the distributions are shifted to larger size (Figure 10).
The arithmetic mean values of Dgjyy of cal-PE-KSW-2 0, 1, 5, 10, 50, and 100 were
2.3,24,2.6,2.9, 3.4, and 3.0 nm, respectively. This tendency of Dgjy in the range of x =
0~50 is in good agreement with that of 4V/Siye. Thus, the pore size of KSW-2 type
mesoporous silica is varied in the range from 2.1 to 3.6 nm (4V/Sinner) though the expansion

is limited by the decrease of the structural regularity with larger pore size.
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Figure 10. BJH pore size (Dgjy) distributions of (a) cal-PE-KSW-2 0, (b) 1, (¢) _5, (d) _10, (e) _50,
and (f) _100.

4. Conclusion

The acid treatment of lamellar C;sTMA-kanemite in an aqueous solution
containing C;cEO; leads to simultaneous reactions, such as (1) intercalation of C;cEOy,
(2) deintercalation of C;¢TMA cations, and (3) mesostructural transformation into a 2-D

orthorhombic phase. The presence of C;sEOj¢ in the aqueous solution promotes the pore
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expansion of KSW-2 type mesoporous silica, which is varied with the C;¢EOj
concentration. This unique method, consisting of intercalation and deintercalation of
organic guest species, will contribute to precise control of mesopore size of KSW-2 with

retaining the silicate ordering of starting silicate materials.
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Anion Exchangeable Layered Silicates
Modified with lonic Liquids on the Interlayer

Surface

1. Introduction

Inorganic layered materials are quite attractive because of a wide variety of
applications, including adsorbents, catalyst supports, porous materials, and building units
for nano/meso-structured materials utilizing their unique two-dimensionally confined
space.'!’ The interactions, especially electrostatic interactions, between layered host
materials and guest species strongly affect the reactivity and selectivity of intercalation
reactions. Among a large number of layered materials, anion exchangeable layered
materials figure prominently in this field and have been studied as hosts or carriers for not
only inorganic anions but also drug substances®! and biological species.”* Despite the

demanding requirement for the creation of such functional materials, there are few kinds of
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anion exchangeable layered materials. A typical one is layered double hydroxides
(LDHs)®" in which anion exchangeable sites come from substituted trivalent cations in
divalent metal hydroxides. Because the property of anion exchangeable sites is limited to
the kind of substituting trivalent metal cations, the affinity for various intercalating guest
species is almost fixed.[*'% In addition, LDHs are unstable in acid media.

Recently, another method of the incorporation of anion exchangeable sites into

interlayer spaces has been achieved through the hybridization of cation exchangeable

11] [12]

layered clay minerals with calix[4]areneoctols,!'"! chitosan,!'?! or cationic polyelectrolytes

314 Hata er al. reported that the color of intercalated anionic dye can

with amine groups.|
be tuned through choosing the optimal polyelectrolyte and the reaction pH.!'*! However,
because cation sites are generally distributed throughout the whole of the interlayer spaces,
the distance and arrangement of anion exchangeable sites cannot be controlled with
incorporated polycations. Furthermore, these hybrids possess much lower anion exchange
capacity (AEC: 0.2 meqiv/g of host) than that of LDH (2—4.5 meqiv/g of host)") because
their AEC values rely on the degree of overcompensation of polycations and the degree is
limited by steric hindrance of the polymer and repulsion of cations.

Tonic liquids!'>'® have attracted keen interest as “designer solvents”,!'”) such as

[18-19] [20-21

ionic conductors, as well as solvents for synthesis and catalysis. ] As an anion

exchanger, ionic liquids immobilized onto solid supports have received much attention as

22-24] 25-34

stationary phases of liquid chromatography! and catalyst supports.'*>>* Tonic liquids as
liquid chromatography stationary phases can separate a wide variety of mixtures, such as
nonpolar and polar molecules, cations and anions because of the wide range of properties
of the ionic liquids.****! Anionic catalysts on ionic liquids immobilized onto silica

supports exhibit high selectivities and activities because of the homogeneous-like state of
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[29-32

the catalysts with liquid-state ionic liquids. I However, silica supports for ionic liquids

are so far limited to amorphous ones, such as silica gel,”>*"*" silica nanoparticles,*~>"

25,33-34,36

and mesoporous silica.! ] Therefore, immobilized ionic liquid molecules are located

randomly on such amorphous supports.

Layered silicates,”

composed of SiO4 tetrahedra only, possess SiOH/SiO
groups on the interlayer surfaces which are reactive for organic modification including
silylation.[38'48] In particular, a layered octosilicate!**>" (Nag[Si3,064(OH)g-32H,0], also
known as ilerite or RUB-18) possesses confronting SIOH/SiO  groups arranged along one
axis on the interlayer surfaces (Figure 1).°%! The confronting groups preferentially induce a
bidentate silylation which provides organic groups in a well-arranged manner reflecting the
surface structure of the silicate layers.[****! More than 90% of the confronting SiOH/SiO~
groups of octosilicate are silylated with alkoxytrichlorosilanes'**! and the value is higher

than that of another layered silicate kanemite!®') (NaHSi,05'3H,0)**! though the density of

the SiOH/SiO groups of kanemite is higher than that of octosilicate. Therefore,

7

Y

Ja

b

L L | L)
. o |
. e
O3 z
Figure 1. Crystal structure of layered octosilicate. The ellipsoids indicate confronting

SiOH/SiO  groups
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octosilicate is an ideal host for immobilization of organic species with optimal arrangement
and high density.

From the viewpoint of the highest utilization of ionic liquids on solid supports, it
is extremely important to select and/or design supports possessing a high surface area, high

331 and all these

accessibility, confined space, and controllability of immobilized sites;
requirements can be provided by well-defined layered silicates. The distance of
immobilized sites can be controlled by choosing the kind of layered silicates and
modifying agents. Hybridization of layered materials and ionic liquids has been reported

52-53] and

for a few cases; ionic liquids are intercalated into clays such as montmorillonite!
kaolinite.”*>>) However, these studies have not focused on the control of layer charge and
covalent immobilization. From the viewpoint of the layered materials, well-designed anion
exchangeable sites are quite essential for developing advanced functional nanomaterials.
Consequently, the immobilization of ionic liquids in the interlayer space of layered
silicates can satisfy all the requirements described above because the structure of the ionic
liquids is diverse and the hydrophilicity/hydrophobicity is controllable.

Here, I report the synthesis of anion exchangeable layered silicate via
immobilization of ionic liquids onto the interlayer surfaces of octosilicate (Figure 2). I
utilized ionic liquids containing three specific functional groups as follows; (i) butyl or
octyl group attached on the imidazolium group for the control of hydrophobicity, (ii)
triethoxysilyl group for immobilization, and (iii) imidazolium group for bridging both the
alkyl chain and triethoxysilylpropyl group (Figure 2). Because of two quaternized
nitrogens, imidazolium groups are more useful for bridging two functional groups than

trimethylammonium groups which are also used conventionally.">” In addition,

imidazolium groups can form metal complexes, and, in particular, complexes with Pd or Ir
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Si Si Control of Anion Alkoxysilyl group Si Si
(0] hydrophobicity ~ exchangeable for immobilization Ogi0
N+ H site OEt HO ¢
) Bim o NS 4 R
Im- A~~~ NEON =
or \EI \ OFt R’&@ CP
Si Si | CisTMA* Oim- AIAA CP OEt ® ~NR
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Si Si Si Si o TMA Si Si
- Na* 16 . Bim-Oct
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Na-Octosilicate 16 EtOH Oim-Oct

Figure 2. Synthetic pathway of anion exchangeable layered silicates. The first step is the
intercalation of hexadecyltrimethylammonium ions for the expansion of the interlayer distance. The
second step is immobilization of triethoxysilyl-terminated imidazolium salts with butyl or octyl

groups.

33381 T can expect that the cation

species are useful as catalysts for cross-coupling reactions.
exchangeable sites of the SIOH/SiO  groups can be converted to anion exchangeable sites
of the imidazolium salts via silylation. The derivatized layered hybrids should have the
following expected properties, such as a relatively high AEC, high durability in acid
solution, and controllability of the affinity for guest species. Finally, I investigated the
possibility of using the derivatives as a drug delivery carrier for an anti-inflammatory

51 in oral administration, which needs high capacity, accessibility,

prodrug, sulfasalazine,
and durability in gastric fluid, because oral administration needs high dosage, and

sulfasalazine is metabolized into the active form in the colon.

2. Experimental

Materials
Layered Na-octosilicate (Nag[Si32064(OH)s-32H,0]) was synthesized according to

44-46

previous reports.***% Na-Octosilicate (3.0 g) was dispersed in an aqueous solution (0.1

mol L', 100 mL) of hexadecyltrimethylammonium chloride (C;sTMACI, Tokyo Chemical
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Industry Co.). The mixture was stirred at room temperature for 1 day and then centrifuged
to remove the supernatant. This procedure was repeated three times in total. The resulting
slurry was washed with water and air-dried at room temperature to obtain the intermediate
. . [44-46]
product (C;sTMA-Oct) for silylation.
The silylating reagent was synthesized according to a previously reported

29301 All reactions were performed under a nitrogen atmosphere using a vacuum

method.!
line and Schlenk technique. A mixture of 3-(2-imidazolin-1-yl)propyltriethoxysilane
(denoted as ImSi, Gelest, Inc.) and three equiv. of alkyl chloride (1-chlorobutane or
I-chlorooctane, Aldrich) was stirred at 70 °C for 1 day. The mixture was washed with
n-hexane (100 mL) five times. The mixture was evaporated under a reduced pressure at
room temperature for 2 h, and then at 70 °C for 3 h.
1-Butyl-3-(3-triethoxysilylpropyl)-4,5-dihydroimidazolium chloride (BimSi(OEt);Cl) and
1-octyl-3-(3-triethoxysilylpropyl)-4,5-dihydroimidazolium chloride (OimSi(OEt);Cl) were
obtained as orange-colored waxy solids. The physical state of BimSi(OEt);Cl and
OimSi(OEt);Cl depends on the amount of water in the system. BimSi(OEt);Cl and
OimSi(OEt);Cl, dried in vacuum and obtained as waxy solids, rapidly change to viscous
liquids at ambient atmosphere by the absorption of water vapor. These viscous liquids can
be transformed again to waxy solids by drying in vacuum. These ionic liquids were
identified by 'H, "°C, and *’Si NMR as well as mass spectroscopy as follows.**>"!
BimSi(OEt);Cl: 'H NMR: (500 MHz, CDCl;, TMS, 25 °C) & 10.1 (1H, s,
NCHN), 3.92-3.93 (4H, m, NCH,CH)N), 3.82 (6H, q, CH;CH,0), 3.67 (4H, m,
SiCH,CH,CH,N, NCH,CH,CH,CHj3), 1.39-1.76 (6H, m, methylene), 1.23 (9H, t,

CH;CH,0), 0.97 (3H, t, CH,CH,CH5), 0.62 (2H, m, SiCH,CH,). "*C NMR: (125.7 MHz,

CDCl;, TMS, 25 °C) 6 159.1 (NCHN), 58.6 (CH3CH,O), 50.4, 48.4, 48.1, 48.1
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(NCH,CH,CH,CH;, SiCH,CH,CH,N, NCH,CH,N), 29.4, 21.3, 19.7 (methylene), 18.3
(CH;CH,0), 13.6 (CH,CH,CHj), 7.3 (SiCH»). ’Si NMR (99.3 MHz, CDCl; TMS,
25°C): § —47.1 (1°). MS (FAB"): Caled for [C6H;sN205Si], 331; found, 331.
0imSi(OEt);Cl: 'H NMR: (500 MHz, CDCl;, TMS, 25 °C) § 9.94 (1H, s,
NCHN), 3.99 (4H, m, NCH,CH:N), 3.82 (6H, q, CH;CH,0), 3.64-3.66 (4H, m,
SiCH,CH,CH,N, NCHo(CH,)¢CHs3), 1.26-1.77 (14H, m, methylene), 1.23 (9H, t,
CH;CH,0), 0.88 (3H, t, CH,CH,CH3), 0.61 (2H, m, SiCH,CH,). '>C NMR: (125.7 MHz,
CDCL, TMS, 25 °C) & 159.1 (NCHN), 58.6 (CH;CH,O), 50.4, 48.4, 48.1
(NCH,(CH,)sCH;, SiCH,CH,CH,N, NCH,CH,N), 31.7, 29.1, 27.5, 26.5, 22.6, 21.3
(methylene), 18.3 (CH;CH,0), 14.1 (CH,CH,CH3), 7.3 (SiCH,). 2’Si NMR (99.3 MHz,
CDCl; TMS, 25 °C): & -47.0 (T°). MS (FAB"): Caled for [CaoHi3N>05Si]", 387; found,

387.

Immobilization of ionic liquids onto C1sTMA-Oct.

Silylation of C;sTMA-Oct was performed under a N, atmosphere. Toluene (100
mL; anhydrous, Wako Pure Chemical Industries, Ltd.) and BimSi(OEt);Cl (3.7 g) or
OimSi(OEt);Cl (4.2 g) was added to C;sTMA-Oct (1.0 g) which was dried in vacuum at
120 °C for 2 h beforehand. The amount of added ionic liquids equals to 2.5 equiv. of
SiOH/SiO  groups of C;sTMA-Oct. The mixtures were stirred at 70 °C for 1 day. After
being cooled at room temperature, they were centrifuged and washed with acetonitrile,
acetone, and n-hexane three times for each solvent with 100 mL. The products were dried
under reduced pressure at room temperature for 1 day to yield silylated derivatives denoted

as Bim-Oct (with a butyl group) and Oim-Oct (with an octyl group) as white powders.
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Synthesis of Bim-kane

Layered silicate kanemite (NaHSi,0Os-3H,0) was obtained through dispersing
8-Na,Si,0s (1.0 g) in deionized water (50 mL) with stirring for 0.5 h.* The slurry was
centrifuged to remove supernatant, and dried. Obtained kanemite (0.2 g) was added to an
aqueous solution of C;sTMACI (0.1 M, 40 mL), where the C;TMA/Si molar ratio was 2.0.
After the mixture was stired at room  temperature for 2 d,
hexadecyltrimethylammonium-exchanged kanemite (C;sTMA-kane) was obtained by
centrifugation and drying./®” Silylation of C,¢TMA-kane was performed by according to
that of Bim-Oct. Anhydrous toluene (100 mL) and BimSi(OEt);Cl (6.0 g) was added to
CisTMA-kane (1.0 g) which was dried in vacuo at 120 °C for 2 h beforehand. The added
amount of BimSi(OEt);Cl equals to 2.5 equivalent of SIOH/SiO groups in C;sTMA-kane.
The mixture was stirred at 70 °C for 1 d. After cooling at room temperature, the mixture
was centrifuged for separation of solid, and the solid was washed with acetonitrile, acetone,
and hexane three times for each solvent with 100 mL. The product was dried under a

reduced pressure at room temperature for 1 day.

Sorption of anionic dye into Bim-Oct or Oim-Oct by anion exchange

The sorption isotherms were obtained by the following procedure. Bim-Oct or
Oim-Oct (2.5 mg) was dispersed into 2.0 mL of an aqueous solution of Orange II
(4-[(2-hydroxy-1-naphthyl)azo]benzenesulfonic acid, monosodium salt; Tokyo Chemical
Industry Co.) with various concentrations (0.50—8.0 mM), and the mixtures were shaken at
25 °C for 2 days.!®"! The solids were separated by centrifugation at 9700 x g (12000 rpm)
for 5 min. The supernatants were diluted with deionized water and analyzed with a

UV—Vis spectrometer. The amount of Orange II loaded into the samples was calculated
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from the concentration of the dye in the supernatants by measuring the absorbance at 485
nm with a calibration curve. For the characterization of the exchanged products by powder
XRD, Bim-Oct and Oim-Oct (0.15 g) were treated with 200 mL of the solution of Orange

IT (2.75 mM) for 1 day in the same manner.

Anion exchange with various inorganic anions

A solution containing four anions was prepared by dissolving NaCl, NaBr, Nal,
and NaNOs (25 mM, respectively) into deionized water.[®”! Bim-Oct or Oim-Oct (0.10 g)
was dispersed into the solution, and stirred for 2 days at room temperature. After
centrifugation for the removal of the supernatant, the slurry was washed with water four
times.[*! The solid was dried for 1 day under reduced pressure at room temperature, and
white powders were obtained from Bim-Oct and Oim-Oct that are denoted as Bim-Oct A

and Oim-Oct_A, respectively.

Investigation of the stability of Bim-Oct in an acid solution

Bim-Oct was dispersed into an aqueous solution of HCI (pH 1.0) and stirred for
50 h at room temperature. The mixture was centrifuged at 4800 x g (5000 rpm) for 15 min
for the separation of the supernatant and solids. The supernatant was filtered through a
Mixed Cellulose Esters Filter (Millipore™) with pore size of 0.1 pm to remove the solid.
The Si content in this solution was determined by inductively coupled plasma emission
spectroscopy (Vista-MPX, Varian Technology Japan Ltd.) with a calibration curve. The
Si content in the acid solution was 26.7 ppm. On the basis of this concentration, it is
calculated that 2.9% of Si species in Bim-Oct were dissolved into the acid solution. On the

other hand, the solid after centrifugation was dried for 2 d in vacuum at room temperature.
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The powdery sample was obtained and analyzed by XRD.

Sorption and release of prodrug in Bim-Oct.

Bim-Oct (50 mg) was dispersed into an aqueous solution (1 L, 40.0 uM) of
sulfasalazine (2-hydroxy-5-[[4-[(2-pyridinylamino)sulfonyl]phenyl]azo] benzoic acid;
Sigma) and stirred at 25 °C for 1 day. After filtration and drying for 1 day at room
temperature under reduced pressure, yellow colored powders were obtained. The sorbed
amount of sulfasalazine was determined in the decrease of the absorbance at 360 nm of the
residual solution with a calibration curve. An in vitro release experiment was performed in
a simulated gastric fluid (aqueous solution of HCI at pH 1.2) and an intestinal fluid
(Ringer’s solution at pH 7.4).°"! The sulfasalazine-loaded sample (10 mg) was dispersed
into the simulated fluids (100 mL), and stirred (200 rpm) at 37 °C. To determine the time
course of the release behavior of sulfasalazine, a part of the suspension (1.6 mL) was
centrifuged at 9700 x g (12000 rpm) for 5 min, and the concentration of sulfasalazine in
the supernatant was measured by the variation of the absorbance at 360 nm. After the

measurement, the precipitates and supernatants were returned to the suspensions.

Characterization.

Powder X-ray diffraction (XRD) measurements were performed on a Rigaku
Rint-Ultima I1I powder diffractometer with a radiation of CuKa (A = 0.15418 nm) by using
parallel beam geometry equipped with a parabolic multilayer solar slit. Liquid-state NMR
spectra were recorded on a JEOL Lambda-500 spectrometer. Solid-state °C CP/MAS
NMR spectra were recorded on a JEOL JNM-CMX-400 spectrometer at a resonance

frequency of 100.40 MHz and a recycle delay of 5 s. The samples were put into a 5 mm
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zirconia rotor and spun at 8 kHz. Solid-state *’Si MAS NMR spectra were also recorded on
the same spectrometer at a resonance frequency of 79.42 MHz with a 45° pulse and a
recycle delay of 200 s with a 7.5 mm zirconia rotor by spinning at 5 kHz. It was confirmed
that the signals were fully relaxed under these conditions so that quantitative analysis was
possible.”) The 'C and *’Si chemical shifts were externally referenced to
hexamethylbenzene at 17.4 ppm (-CHs) and poly(dimethylsiloxane) at —33.8 ppm,
respectively. The amounts of organic constituents were determined by CHN analysis
(Perkin Elmer, 2400 Series II). Positive FAB mass spectra were obtained by using a JEOL
JMS-GCmatell mass spectrometer. The halogen contents were measured by ion
chromatography with an SX-Elements microanalyzer YS-10 (Yanaco New Science Inc.).
Thermogravimetry (TG) measurements were carried out with a Rigaku Thermo Plus 2
instrument under a dry air flow at a heating rate of 10 °C min"'. The scanning electron
microscopy (SEM) images were obtained by using a JEOL JSM-6500F microscope at an
accelerating voltage of 15 kV. UV—Vis absorption spectra were measured with a JASCO
V-530 UV/vis spectrophotometer. Raman spectra were obtained with a Renishaw inVia

Reflex Raman Microscope.

3. Results and Discussion

3.1. Immobilization of ionic liquids onto layered octosilicate
The presence of imidazolium groups on octosilicate was confirmed by the °C
CP/MAS NMR spectra (Figure 3). All signals (158.9, 59.3, 49.2—48.7, 30.0, 21.6, 21.2,

20.3, 14.4, and 10.9 ppm) in the >C CP/MAS NMR spectrum of Bim-Oct are assignable to
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Figure 3. C CP/MAS NMR spectra of (a) Bim-Oct and (b) Oim-Oct.

BimSi(OFEt)s., (x = 1-3) cation. In the *C CP/MAS NMR spectrum of Oim-Oct, all of the

observed signals (159.1, 59.4, 52.5-49.0, 32.8, 30.1, 28.1, 27.4, 23.5, 18.5, 14.9, 12.6, and

10.2 ppm) are attributed to the Oim(OEt);., cation. No peaks assignable to C;cTMA cation

were observed. Therefore, C;cTMA cations were completely removed from Bim-Oct and

Oim-Oct during the silylation with ethoxy-terminated imidazolium cations.
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As reported previously,*” the 2’Si MAS NMR spectrum of C;sTMA-Oct (Figure
4a) shows two narrow signals at —100 ppm and —110 ppm, corresponding to the
O*(Si(0Si);0H/O") and 0"(Si(OSi)4) units with an integral ratio of 1:1, which is the same
as that of pristine Na-Octosilicate. The ?Si MAS NMR spectrum of Bim-Oct (Figure 4b)
indicates broad 0 (—102 ppm) and Q" (—111 ppm) signals with the integral ratio (O° : 0%
of 18:182. Therefore, 82% of the SiOH/Si0 groups in C;sTMA-Oct were silylated and
converted to O units. The spectrum also shows new signals at —50, —57, and —66 ppm,
which are attributed to the 7", 7% and T° sites of grafted BimSi= groups with the integral
ratio of T':7%:T° = 7:44:20. No signal assignable to the 7° environment was observed. The
Si species with 7° units are dominant in the immobilized silylation reagent, which is in

accordance with the bidentate grafting of confronting SiOH/SiO™ groups.'***=" Because

(b)

(@)
120

| T | T | T | T | |
-40 -60 -80 -100
Chemical Shift /ppm

Figure 4. *Si MAS NMR spectra of (a) C;sTMA-Oct, (b) Bim-Oct, and (c) Oim-Oct.
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the SiOH/SiO groups are highly silylated, the imidazolium groups are probably located on
the silicate layers in an ordered arrangement reflecting the confronting SIOH/Si0  groups
arranged along one axis. The Si MAS NMR spectrum of Oim-Oct (Figure 4c) shows
similar signals (7":7%:7°:0%:0" = 9:36:21:17:183). It should be noted that the presence of
T° units in Bim-Oct and Oim-Oct indicates the condensation that occurs between the
ethoxy groups of the coupling agents. This condensation may be the cause of
contamination by water because of the hygroscopic property of BimSi(OEt);Cl and
OimSi(OEt);Cl, as described in the experimental section.

For comparison, C;sTMA-Oct was allowed to react with a nonionic ImSi
(3-(2-imidazolin-1-yl)propyltriethoxysilane, before quaternization). The *’Si MAS NMR
spectrum of the product (imidazol-Oct) showed the integral ratio of 0°:0" = 86:114
(Figure 5), indicating the low reactivity of the nonionic reagent. The electrostatic
interaction between the SiO and cationic imidazolium groups probably enhances the

intercalation of BimSi(OEt);Cl and OimSi(OEt);Cl into the anionic interlayer space of the

Q@ Q@

1 1t 1 " 1 1 1T 17 1 7]
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Figure 5. »Si MAS NMR spectrum of imidazol-Oct prepared by silylation of C;sTMA-Oct with

3-(2-imidazolin-1-yl)propyltriethoxy silane.

122



Chapter 5

silicate hosts. Actually, it was found that the C;sTMA cations remained in imidazol-Oct
after the reaction, which was confirmed by the ?°C CP/MAS NMR spectrum (Figure 6).

In addition, I investigated the hydrolysis behavior of the triethoxy groups of
BimSi(OEt);Cl and OimSi(OEt);Cl without the addition of any acid.[ The ethoxy groups
were partially (about 10% and 30%, respectively) hydrolyzed after stirring for 1 day at
room temperature, whereas MeSi(OEt); was not hydrolyzed under the same condition. It is
highly possible for BimSi(OEt);Cl and OimSi(OEt);Cl, which are hygroscopic (see
experiment 2), to adsorb water, and the adsorbed water (weak acid) may hydrolyze the
ethoxy groups. Thus, imidazolium chloride groups are effective not only for the creation of
anion exchangeable sites, but also for hydrolysis of the ethoxy groups and the following
siloxane bond formation leading to the immobilization of imidazolium groups.

I investigated the effect of the density and ordering of silanol groups on the
surface of the silicate layer by using another layered silicate of kanemite. Kanemite

consists of only SiOy tetrahedra with a O° environment.”" The density of the SIOH/SiO~

35 30 25 20 15 10
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180 160 140 120 100 80 60 40 20 O
Chemical Shift / ppm

Figure 6. °C CP/MAS NMR spectrum of imidazol-Oct
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groups on the interlayer surface of kanemite (5.6 groups nm°) is higher than that of
octosilicate (3.7 groups nm~) when they are calculated on the basis of their crystal
structures.”**!"! Immobilization of BimSi(OEt);Cl onto kanemite was performed in the
same manner as that onto octosilicate. The sample is denoted as Bim-kane. The *’Si MAS
NMR spectrum of Bim-kane (Figure 7) shows the signals assignable to the 7', 7%, T°, O,
and 0" environments with the integral ratio of 8:18:9:37:63 (This ratio is normalized as O
+ 0* = 100). The spectrum of C;sTMA-kanemite before silylation shows the O and O*
signals with the integral ratio of 92:8.1°! Therefore, ca. 55% (63 — 8 = 55) of the
SiOH/Si0 groups were silylated. The amount of imidazolium groups immobilized onto
Bim-kane is 1.4 groups nm > and the data are calculated from the CHN and TG data (Table

1). In spite of the higher density of the SIOH/SiO groups of kanemite than octosilicate, the

(a)

1 17 117 1T 717171171
-40 -60 -80 -100 -120
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Figure 7. ¥Si MAS NMR spectra of (a) C;¢TMA-kane and (b) Bim-kane.
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Table 1. Composition of Bim-kane

Sample C/mass% N/mass% Si0,/mass%" C/N Imidazolium/Silanol group”

Bim-kane 222 5.0 54 5.2 0.25

"Residual amount after heating of the sample at 900 °C by TG.
""The ratio of imidazolium group per one SiOH( or SiO") group.

silylation ratio (55%) as well as the density of immobilized imidazolium groups (1.4
groups nm °) of Bim-kane were lower than those of Bim-Oct (83%, 1.8 groups nm °).
Similar phenomena were previously reported for silylation with trichlorosilane groups.*”
In the case of the immobilization of octoxytrichlorosilanes onto octosilicate, more than
90% of the SIOH/SIO™ groups were silylated.*® On the other hand, in the case of the
immobilization of octyltrichlorosilanes onto kanemite, the ratio of silylated SiOH/SiO
groups was 65%.1*) The lower degree of silylation of kanemite should come from the
excessive number of SiOH/SiO groups and their closeness: the full silylation reaction is
very difficult because of both the steric hindrance of the silylation reagents and their
condensation. Because the confronting SIOH/SiO  groups on octosilicate are effective for
bidentate immobilization, the use of octosilicate is very advantageous for the ordered
arrangement of ionic liquids with high density on the crystalline interlayer surfaces.

The C/N molar ratios of Bim-Oct and Oim-Oct (5.3 and 7.3, respectively, Table 2)
are less than the calculated ratios (5.8 and 7.8) based on the amount of residual ethoxy
groups evaluated from the integral ratio of the peaks of 7", 7°, and T° in the *’Si MAS
NMR spectra (see ref 7] for the details of the calculation.). This difference indicates
partial hydrolysis of the ethoxy groups. The ratios of imidazolium groups per silylated
SiOH/SiO  groups in Bim-Oct and Oim-Oct were 0.49 and 0.52, respectively, which was

calculated from the C/N/Si ratio. Therefore, one silylating reagent reacted with about two
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Table 2. Composition of the silylated samples.

Sample C/mass% N/mass% Cl/mass% Si0,/mass%" C/N CIN Imidazolium/Silanol

group”
Bim-Oct 23.8 5.3 6.2 57 53 0.46 0.49
Oim-Oct 304 49 5.8 51 7.3 0.47 0.52

"Residual amount after heating of the sample at 900 °C by TG.
""The ratio of imidazolium group per one SiOH( or SiO") group.

SiOH/SiO  groups. From the elemental analysis and crystal structure of the octosilicate
layer, the densities of the immobilized imidazolium groups are 1.8 and 1.9 groups nm > for
Bim-Oct and Oim-Oct, respectively. The CI/N ratios of Bim-Oct and Oim-Oct were 0.46
and 0.47, respectively (Table 2). This is because one imidazolium salt originally contains
two nitrogens (Figure 2), such that the CI anions and imidazolium cations are present with
almost a 1:1 ratio in the interlayer region. In addition, on the basis of the results of °C
CP/MAS NMR, the C;sTMA cations were completely removed. Taking the charge balance
in the interlayer region into account, it is obvious that the unsilylated SiO sites are not
paired with imidazolium cations, and that probably these are present as not SiO anions,
but SiOH.

The powder XRD peaks at 2.4, 1.2, and 0.73 nm, assignable to (001), (002), and
(003) diffraction peaks, were observed for Bim-Oct (Figure 8b). The basal spacing of 2.4
nm is lower than that of C;¢TMA-Oct (2.8 nm, Figure 8a). The thickness of the silicate
layer of octosilicate is 0.74 nm as estimated from the d-spacing of the protonated
octosilicate.**! On the basis of molecular modeling,'® the full length of the immobilized
butylimidazolium group from the alkyl chain terminal group to the silicon is ca. 1.4 nm if
the alkyl chain takes an all-trans conformation. The sum of the thickness of the silicate
layer and the estimated length of the butylimidazolium group (0.7 nm + 1.4 nm = 2.1 nm)

is less than the d-value of 2.4 nm. Therefore, the arrangement of the immobilized organic
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Figure 8. XRD patterns of (a) C;sTMA-Oct, (b) Bim-Oct, and (c) Oim-Oct.

groups in the interlayer is estimated to be a bilayer rather than a monolayer. In the case of a
monolayer on a Si/SiO;, substrate, the thickness of the immobilized BimSi(OEt);Cl is
estimated to be 0.8 nm by ellipsometry.'®” The d-spacing of 2.4 nm agrees well with the
sum of the thicknesses of the silicate layer and two monolayers of the BimSi(OEt)s., group
(0.7 nm + 0.8 nm x 2 = 2.3 nm). The XRD pattern of Oim-Oct also exhibits similar peaks
with d-spacings of 3.0, 1.5, and 1.1 nm (Figure 8c), where the larger spacings can be
attributed to the longer alkyl chain length compared with the Bim-Oct case.

In the XRD patterns of Bim-Oct and Oim-Oct, the peaks observed at ca. 49°are
attributed to the (400) lattice plane of Na-Octosilicate!***! as in C;sTMA-Oct (Figure 8a).
The (400) lattice plane of Na-Octosilicate is perpendicular to the silicate layer. Therefore,
the structural regularity of the crystalline silicate layers is retained after silylation. On the
other hand, the d-values (0.19 nm) of these peaks in Bim-Oct and Oim-Oct are slightly

larger than that of C;sTMA-Oct (0.18 nm). This difference may be ascribable to the
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distortion in the silicate framework by forming new siloxane networks. The same
distortion was previously reported for the cases of the silylated samples of C;sTMA-Oct
with dialkoxydichlorosilanes*! or alkoxytrichlorosilanes.*"]

SEM images of Na-Octosilicate and C;sTMA-Oct showed square, plate-like
morphologies of 2—5 um in lateral size (Figure 9a, b). These square morphologies reflect
the crystal structure of Na-Octosilicate (/4,/amd).”® The morphology of Bim-Oct was a
square plate having bending, distortion, and wrinkles on the surface (Figure 9c). In the
SEM image of Oim-Oct (Figure 9d), the wrinkles become more apparent compared with
that of Bim-Oct. This suggests the progress of a stacking disordering of silicate layers of
Oim-Oct during the silylation reaction. These morphological changes have not been
observed for the cases of silylated octosilicate with other reagents.[44'47] C1sTMA-Oct

(Figure  8a) and  samples silylated with  alkoxytrichlorosilanes™*”

or
dialkoxydichlorosilanes*” showed many sharp peaks at the higher 26 region of the XRD

patterns. However, Bim-Oct and Oim-Oct showed only broadened peaks at 25° and a small

Figure 9. SEM images of (a) Na-Octosilicate, (b) C;sTMA-Oct, (c) Bim-Oct, and (d)
Oim-Oct.
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peak at 49°. The disappearance of the sharp peaks can be attributed to the disordering in
the layer structure.

Bim-Oct was analyzed by Raman spectroscopy for the investigation of the state of
the immobilized organic groups in the interlayer. The Raman spectrum of Bim-Oct (Figure
10) revealed bands due to the CH;CH,CH,—CH,N bond at 692, 597, 487 cm ',U® which
are assignable to a gauche—trans (GT) form. The bands due to this GT form are
predominantly observed in the spectrum of 1-butyl-3-methyl-imidazolium chloride in the
liquid state.’” Thus I infer that the butyl imidazolium groups in the interlayer are
liquid-like. In general, ionic liquids are known as attractive lubricant additives because of
the reduction in the friction between the self-assembled monolayers.’"! The bending and
distortion of the Bim-Oct and Oim-Oct layers (see Figures Sc¢ and d) can be explained by

assuming the liquidlike state of imidazolium groups.

487

Intensity (a.u.)

597

692

T I T I T I T I T I T
1000 900 800 700 600 500 400
Raman Shift / cm™!

Figure 10. Raman spectrum of Bim-Oct.

129



Chapter 5

3.2. Anion exchange

Because imidazolium cations are successfully immobilized onto the interlayer
surface with non-immobilized Cl in the ratio of 1 : 1, these imidazolium chloride groups
are expected to act as anion exchangeable sites. Anion exchange reactions of Bim-Oct and
Oim-Oct with anionic dye of Orange II and inorganic anions (Cl , Br , I, and NOs ) were
investigated.

After stirring in an aqueous solution of Orange II, the color of the Bim-Oct and
Oim-Oct changed from white to red. The XRD patterns of the samples after sorption of
Orange I showed peaks with d-spacings at 3.5 nm for the samples from Bim-Oct, and 4.1

nm from Oim-Oct (Figure 11), suggesting the successful intercalation of Orange II

4.1 nm
2 w/b«/“\ @
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Figure 11. (a) and (b); XRD patterns of Orange II sorbed Bim-Oct. The amounts of accommodated
Orange II were (a) 2 mmol/g (equivalent to AEC of Bim-Oct) and (b) 1 mmol/g. Because the XRD
pattern of (b) shows only a single phase of lamellar structure, Orange II anions are thought to be

intercalated into Bim-Oct homogeneously. (¢) XRD pattern of Orange II sorbed Oim-Oct
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molecules. The amounts of Cl in the products were zero for both Bim-Oct and Oim-Oct
after the sorption.

The sorption isotherm of Orange II into Bim-Oct (Figure 12) indicates a
significant increase at low concentration of up to ca. 1 mM and a plateau at ca. 2 mM. The
sorption isotherm of Oim-Oct also indicates a similar curve with a significant increase
untill ca. 1 mM, and the following plateau above ca. 2 mM. In the Giles classification of

17273 this type of sorption isotherm is classified as an H curve,

solution sorption isotherms,
which is a special case of the L curve (Langmuir type). The origin of the H curve comes

from the high affinity between solutes and adsorbents. Therefore, the shape of the isotherm

supports the idea that the driving force for the sorption of Orange II into Bim-Oct or

Amount sorbed / mmol'g"|

|
0 1 2 3 4 5
Equilibrium concentration / mM

Figure 12. Sorption isotherms of Orange II into (a) Bim-Oct and (b) Oim-Oct. Inset: structural

formula of Orange II.
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Oim-Oct is an electrostatic one between the cationic imidazolium groups and anionic
Orange II. The saturated amounts of sorbed Orange II were 2.0 mmol g ' for Bim-Oct and
1.8 mmol g ' for Oim-Oct, respectively. These values are in good agreement with the
amounts of imidazolium groups in Bim-Oct and Oim-Oct (1.9 and 1.7 mmol g '; CHN
analysis and TG data, Table 2). Therefore, almost all of the imidazolium groups can act as
anion exchange sites in the interlayer.

In general, pristine octosilicate possesses SIOH/SiO groups on the interlayer
surface with an ordered arrangement which act as cation exchangeable sites. The
maximum cation exchange capacity of octosilicate is equal to the amount of SiOH/SiO
groups. As described above, two confronting SIOH/Si0  groups are capped with about one
silylating reagent with a bidentate immobilization capability. The silylating reagent is
composed of one set of imidazolium cations and Cl anions. All Cl anions can be
exchanged with the anionic dye. As a result, two cation exchangeable sites of the
SiOH/Si0  groups were converted to one anion exchangeable site. The confronting
arrangement of SIOH/SiO groups must be necessary for this stoichiometric conversion of
the exchangeable sites because the bidentate immobilization of silylation reagents is
specific for octosilicate. In fact, the SIOH/Si0 groups of kanemite are not fully silylated,
as described above.

The AEC values of Bim-Oct and Oim-Oct were compared with those of other
layered inorganic anion exchangeable materials. A hybrid of chitosan intercalated
montmorillonite possesses an anion exchange property because of the presence of the
excess NH; ™ sites of chitosan.!"? The maximum AEC is 0.57 meqiv g ' (gram in this case
is based on the weight of not the hybrid but the starting clay). Fluoromica accommodating

polyelectrolytes in the interlayer by overcompensation also shows anion exchange
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reactions. The sorbed amount of anionic dyes into the hybrids is 0.2 meqiv g ' clay at the
maximum.® Because these values of AEC are based on the weight of the pristine clays,
their AEC values based on the total amount of hybrids are lower than these values. Despite
the fact that Bim-Oct and Oim-Oct comprise not only an inorganic framework but also
organic species; the exchange capacities of Bim-Oct and Oim-Oct (2.0 mmol g ' and 1.8
mmol g ') are higher than those of conventional hybrids, and close to those of LDHs
(2-4.5 meqiv g ). Thus, both Bim-Oct and Oim-Oct possess relatively high AEC values,
which is attributed to the high density of SiOH/SiO groups on the silicate layer of
octosilicate.

I also investigated the time course of the sorption of Orange II into Bim-Oct and
Oim-Oct in 2.75 mM solutions (Figure 13). The amounts sorbed by Bim-Oct and Oim-Oct

reached an equilibrium at 30 and 180 min, respectively. This difference in the sorption
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Figure 13. Sorption behavior of Orange II into Bim-Oct and Oim-Oct.

*The amounts sorbed are normalized to 100% at the equilibrium values at 8 h.
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behavior may be explained by the low accessibility of Orange II ions into the interlayer of
Oim-Oct because of the more hydrophobic longer alkyl chain. Therefore, this result
suggests that the sorption of anionic guests into these anion exchangers can be controlled
by adjusting the alkyl chain length of the anchored imidazolium cations. In fact, Bim-Oct
was dispersed rapidly into water, unlike Oim-Oct, which required stirring to achieve
dispersion.

Next, I investigated the sorption behavior of various inorganic anions (Cl , Br , I,
and NOs ) into Bim-Oct and Oim-Oct. Table 3 shows the molar ratios of each anion sorbed
to the imidazolium cations. In the case of Bim-Oct, the order of the amounts of sorbed
anions was: NO; >1 > Br = Cl . When Oim-Oct was used as the sorbent, the order was:
I >NOs; >Br =Cl . The orders of Bim-Oct and Oim-Oct were quite different from those
of LDHs (Br > CI” > NO; >1) in the case of sorption of mixed anions.'”* It was reported
that the amount of anions sorbed onto imidazolium groups immobilized on silica gel
depends on the Hofmeister anion series which is related to the size and degree of
hydration: NO;~ > I > Br_ > CI".*% The order of the affinity of Bim-Oct for anions has a
good agreement with this order. This trend can be explained by considering that the
cationic sites of alkyl imidazolium groups are more hydrophobic and less acceptable for
hydrated anions than cationic sites on LDHs. Oim-Oct showed a similar order to that of
Bim-Oct. I think that the difference in the order for iodide and nitrate (I > NO; ) may be
caused by a lower accessibility for the slightly bulky NO; into the interlayer space with

the longer octyl chain.

Table 3. Molar ratios of various sorbed anions to imidazolium cations.

sample Cl'/Im Br/Im I'/Im NO; /Im"
Bim-Oct A 0.05 0.06 0.27 0.51
Oim-Oct_A 0.04 0.08 0.53 0.33

Im: Imidazolium cation immobilized in Bim-Oct or Oim-Oct.
"The ratio of NO; /Im was calculated from the nitrogen contents excluding the contents of imidazolium groups.
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3.3. Sorption and controlled release of prodrug depending on pH

Sulfasalazine is metabolized through splitting into mesalamine and sulfapyridine
by azo-reduction bacteria in the colon.” Therefore, a delivery support for sulfasalazine
needs durability in gastric acid. LDH is not usable for this kind of prodrug release because
LDH is soluble in acid solution. To prove the usability of Bim-Oct in low-pH solutions, the
durability of Bim-Oct in hydrochloric acid at pH 1.0 was investigated. After stirring for 50
h, only 2.9% of silicon was dissolved into the solution, as confirmed by ICP. The XRD
pattern of the precipitate showed a peak at 0.19 nm ((400) lattice plane) which is similar to
that before the acid treatment (Figure 14), indicating the retention of the structural
regularity of the crystalline silicate layers. This durability can be explained by the stability
of the silicate frameworks of layered octosilicate.

To investigate the potential of Bim-Oct for application as an intelligent drug
carrier, the sorption and release behavior of sulfasalazine into/from the layered solids was
studied. After the sorption, the d-value of the sample became 2.9 nm (Figure 15) which is

larger than that of Bim-Oct (2.4 nm, Figure 8b). It is suggested that the sulfasalazine
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Figure 14. XRD pattern of the precipitate after the acid treatment of Bim-Oct.

135



Chapter 5

2.9 nm

Intensity (a.u.)

10 20 30 40 50 60
20 / degree (CuKa)

Figure 15. XRD pattern of Bim-Oct containing sulfasalazine

molecules were successfully intercalated into the interlayer of Bim-Oct. No peaks
assignable to crystalline sulfasalazine were observed in the pattern of Bim-Oct after the
sorption, suggesting that the sulfasalazine molecules are not in a crystal state but
well-dispersed in the interlayer.

Typically, a dose of drugs for oral administration needs a high amount. For
example, a daily dose of sulfasalazine is usually 2—4 g for adults.””! Therefore, supports

78] The amount of

for oral-administration drugs demand high efficiency of sorption.
sulfasalazine sorbed into Bim-Oct was 0.75 mmol g ' (30 wt%) determined by the
concentration of residual solution of sulfasalazine. This amount is comparable to the case
of certain polymeric supports such as calcium-alginate-chitosan gel (45 wt% at
maximum)”” and polymer microcapsules (72 wt% at maximum) including sulfasalazine
crystals on the surface.’™ Lee et al. reported that mesoporous silica nanoparticles
functionalized with trimethylammonium groups (MSN-TA) can accommodate

sulfasalazine.[*” The amount loaded was 0.0428 mmol g’ at maximum from an aqueous

solution in spite of the high surface area of mesoporous silica (ca. 1000 m* g'). It is
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remarkable that Bim-Oct can intercalate more than a ten times larger amount of
sulfasalazine than MSN-TA. This difference can be explained by the amount of anion
exchangeable sites. AEC, determined by sorption of Orange II, of MSN-TA (about 0.17
mmol g ') is much lower than that of Bim-Oct (2.0 mmol g ). In addition, bulky guest
molecules tend to be stuck around the mesopore entrance.’® In contrast, all surfaces of the
layered structure can be used for the sorption of guest molecules. The interlayer space is
flexible for a wide variety of guest molecules with different sizes because of the expansion
of the interlayer.

The release of the prodrug was conducted in two simulated fluids of gastric acid at
pH 1.2 and intestinal fluid at pH 7.4 (Figure 16). At the strong acidic condition (pH 1.2),
only 9% of the sorbed sulfasalazine was released from the Bim-Oct after 50 h. In contrast,
at pH 7.4, the rate of released sulfasalazine was increased by up to 83% after stirring for 4

h, 90% after 24 h; and finally, almost all the sulfasalazine (up to 96%) was released from
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Figure 16. Release behavior of sulfasalazine sorbed on Bim-Oct at pH 7.4 and 1.2. Inset: structural

formula of sulfasalazine.

137



Chapter 5

the interlayer after 50 h. This contrast with the pH can be explained by the solubility of
sulfasalazine which is almost insoluble into water at low pH and soluble at neutral
solution.”” In the case of MSN-TA,“Y a released amount of sulfasalazine was only ca.
60% at pH 7.4 after 20 h by using the sample with the higher loading of sulfasalazine
(0.0428 mmol g ). In the exceptional case, the released amount reached 90% by using a
sample with very low loading (0.0005 mmol g '). In addition, the amount released was
decreased with higher loadings of sulfasalazine in polymer microcapsules.”’” In contrast,
Bim-Oct indicated a higher released amount (ca. 90%) at pH 7.4 after 20 h in spite of the
very high loading of sulfasalazine. In general, both the size and connectivity of mesopores
affect the drug-release rate..””*) Larger pores and 3D connected pores are advantageous
for high rates of release because of the high accessibility.l””! It is easily inferred that
layered structures have high accessibility because guest molecules can be released from all
end-facets. Therefore, the larger released amount is probably caused by the higher
accessibility of the layered structure. Thus, Bim-Oct shows high durability in acid
solutions, high capacity for sulfasalazine, and high accessibility. These properties should
be very valuable for their application in drug-delivery systems (DDSs) for prodrugs in oral

administration.

4. Conclusion

The functions of layered octosilicate are significantly changed and designed by
the creation of two-dimensionally arranged anion exchangeable sites in the interlayer

surface. Cation exchangeable sites of the SiOH/SiO groups on octosilicate are
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stoichiometrically converted to anion exchangeable sites. Octosilicate is very suitable for
the creation of highly and closely ordered imidazolium groups because of the presence of

ordered SiOH/SiO" groups on the crystalline silicate layers. The properties of these

layered materials can be summarized as follows. (i) The AECs are higher than those of
conventional clay-polymer hybrids. In addition, the sorption rate of anionic dye was
controllable by changing the alkyl chain length. (ii) The affinity for guest species is
completely different from LDH, and it is remarkable that the affinity for inorganic anions
was varied by changing the length of the alkyl chain. This controllability may be
advantageous for the use as ion-sensing devices with selectivity. (iii) The application of the
derivatized silicates in DDS for oral administration should also be focused on because of
their high accessibility, capacity, and durability.

Ionic liquids immobilized onto solid supports have also been used for single-site
heterogeneous catalysts.[33] Utilizing the crystal structure of the host layered silicates, the
density and distance of the immobilized functional groups can be deliberately controlled at
the angstrom level in two-dimensionally confined spaces, yielding more intelligent
catalytic systems. Therefore, the hybridization of layered silicates and a wide variety of
designed ionic liquids will create a new pathway for various practical applications, such as
catalysts, green solvents, and ionic conductors, thereby contributing to the expansion of the

material science field.
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Exfoliation of Layered Silicates through

Immobilization of Imidazolium Groups

1. Introduction

Exfoliation of layered inorganic materials into nanosheets has received

considerable attention as a method for significant expansion in applications of layered

[1-5]

materials. Crystalline nanosheets are applicable for polymer/nanosheets composites' ™ and

nanobuilding  units for various hybrids including modified electrode,!*!

[6-7,10-12] 4.5,13-15] [16-17]

Langmuir-Blodgett films, layer-by-layer films,' hydrogels, and
self-standing films.!"! Exfoliation of layered inorganic materials into nanosheets has
received considerable attention as a method for significant expansion in applications of
layered materials!’” such as clay minerals,™ o-zirconium phosphates and

2527) 04

phosphonates,?'**! layered metal chalcogenides,™** layered metal oxides,'
layered double hydroxides.”**! Exfoliation into nanosheets enhances the pre-existing

properties of starting layered materials, such as electrical conductivity,"*® magneto-optical
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133341 The properties and utilization of nanosheets

effect,”'?! and photocatalystic activity.
highly depend on the composition and surface structure of starting layered materials. Thus,
the development of exfoliation methods for layered materials, possessing unique properties
but not yet exfoliated, is highly demanded for the creation of novel nanosheets and unique
nanocomposites.

Layered silicates,”” whose frameworks are composed of only SiO, tetrahedra
frameworks, are quite interesting as a host material. The principal feature of layered
silicates is the presence of SIOH/SiO groups on the interlayer surfaces, unlike layered clay
minerals. Various guest species are intercalated by a wide variety of reactions and
interactions, such as cation exchange, hydrogen bonding, acid-base reaction, and dipole
interaction. In addition, the interlayer surfaces of silicate layers can be designed by the
covalent immobilization of various silane coupling reagents.”**®! Well-ordered SiOH/SiO~
groups should lead the functional groups with two-dimensional well ordering, which is
very difficult for other amorphous silica species. Therefore, silicate nanosheets should
have high potentials as nanobuilding units with designable surfaces. However, exfoliation

of layered silicates into nanosheets has not yet been achieved, although swelling,***!

),9°% and dispersion into solvent’®"! were

decrease of the stacking number (delamination
reported. The swelling properties of layered clay minerals and layered sodium silicates are
very different. At first, layered sodium octosilicate, magadiite, and kanemite do not exhibit
any swelling with water. Silanol groups with high density on the interlayer surfaces hinder
the swelling because of the hydrogen bond and strong electrostatic interactions between
SiO and hydrated sodium ions. In addition, organically modified layered silicates are not

exfoliated. For example, hexadecyltrimethylammonium-exchanged octosilicate and

magadiite do not show swelling and exfoliation in toluene (our unpublished results). The
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density of C;cTMA cations on the silicate layers of octosilicate is 1.5 C;cTMA cations
nm ° (calculated from the composition) and is much higher than that of swelling clay
minerals, such as saponite® (0.8 charge nm ?, cation exchange capacity = 100
mequiv/100 g). It is assumed that interdigitated alkyl chains with all-trans conformation in
the interlayer space of octosilicate have high van der Waals interaction and inhibit the
intercalation of additional organic molecules. Therefore, both of pristine and organically
modified layered silicates are not used for exfoliation in polar and non-polar solvents. Thus,
exfoliation of layered silicates is an important challenge for deeper understanding of
exfoliation as well as their practical applications. Because the surfaces of layered silicates
are designable with silylation reagents, various interlayer surfaces can be used for the
investigation of exfoliation. Therefore, layered silicates are the suitable model material for
understanding the mechanism of the exfoliation reaction.

One of the methods for decreasing the layer charge is silylation of OH or O
groups on the interlayer surface of layered materials such as metal oxides and layered
silicates. There are a few reports on silylation of niobates and partial exfoliation.”*>*
However, these silylation processes did not focus on the enhancement of exfoliation. In
previous study,*” butyl- or octylimidazolium chloride salts were covalently immobilized

155611 (also known as ilerite or RUB-18)

onto the interlayer surface of layered octosilicate
via silylation reaction. The obtained layered composites are anion exchangeable caused by
cationic imidazolium groups immobilized covalently. In general, ionic liquids'®” including
halide anions, such as dialkylimidazolium halide salts, are hydrophilic and hygroscopic.
The layered composite immobilized with butylimidazolium groups was dispersed rapidly

into water. Therefore, this layered composite has relatively high hydrophilic surfaces. In

this study, butylimidazolium immobilized octosilicate (Bim-Oct) is surprisingly exfoliated
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into monolayer nanosheets in water (Figure 1). Using water as a solvent is advantageous
from the viewpoint of green chemistry. The obtained nanosheets are cationic because of
the imidazolium groups on the surface. Cationic nanosheets are generally obtained from
layered double hydroxides (LDHs) by exfoliation in organic solvents.?* To the best of
our knowledge, full exfoliation into monolayer sheets of LDH has not been achieved in
water, despite a few reports of partial delamination./*”! Regardless of the compositions,
this is also the first report of full exfoliation of cationic nanosheets in water. Because of
high stability in acid solution (pH 1) of Bim-Oct, the silicate nanosheets are advantageous
for hybridization processes and applications in acid solutions. In addition, transparent films
were prepared with nanosheets. The transparent films applicable for various optical and

photochemical applications'® which are hardly achieved with powdery samples.

-H .
O O Si
Si Si (|_3| e B
ONNAA
EtQ J NON o
§ 0Sio si si
N i Si Si OSIO
<{ﬂ Cl NQ} JJ OH
Octosilicate N cr
A+ \_ J
Water /
CtgTMA*

Bim-Oct /

Nanosheets

Figure 1. Synthetic pathway of exfoliation of layered octosilicate. The first step is intercalation of
hexadecyltrimethylammonium ions for the expansion of the interlayer distance. The second step is
immobilization of triethoxysilyl-terminated butylimidazolium salt. The third step is exfoliation of

layers in water.
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2. Experimental

Materials
Layered Na-octosilicate (Nag[Si32064(OH)s-32H,0], denoted as Na-Oct,
theoretical cation exchange capacity is 284 mequiv/100 g calculated from the composition)

4241 Na-Oct (3.0 g) was reacted with

was synthesized according to previous reports.|
hexadecyltrimethylammonium chloride (C;¢TMACI, Tokyo Chemical Industry Co.) for
cation exchange reaction to form C;sTMA-intercalated octosilicate (C;sTMA-Oct) as an
intermediate for the silylation.[*®! The silylation reagent
(1-Butyl-3-(3-triethoxysilylpropyl)-4,5-dihydroimidazolium chloride was synthesized
according to a procedure reported previously.***" ! Bim-Oct was synthesized by
silylation of C;¢TMA-Oct with the silylating reagent in a similar manner reported
previously.'*! No peaks assignable to C;sTMA cation were observed in the °C CP/MAS
NMR spectrum of Bim-Oct."**! The ’Si MAS NMR spectrum shows broad Q° (—102 ppm)
and Q' (—111 ppm) signals with the integral ratio (Q° : 0 of 18 : 182, suggesting the high
degree (82%) of silylation of the SIOH/SiO groups in CisTMA-Oct. The square plate
morphology of Bim-Oct particles with lateral size of 2—5 pm was observed, as reported

previously.®!

Exfoliation of Bim-Oct

Powdery Bim-Oct (40 mg) was dispersed into de-ionized water (40 mL). After 1
day, the sample was stirred in an ultrasonicator (USS-1, NIHONSEIKI KAISHA LTD.,
35W) for 1 h. The obtained transparent solution was denoted as ex-Bim-Oct. The sample

for atomic force microscopy (AFM) was prepared by the following method. A silicon
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wafer was cleaned beforehand with (i) hydrochloric acid (12 M) + methanol (1:1, volume),
(i1) conc. H,SOy4, and (ii1) water, for 20 min, respectively. The ex-Bim-Oct solution was
cast out on the silicon wafer and rinsed with ethanol. The samples for X-ray diffraction
(XRD) measurements were prepared as follows. The solution of ex-Bim-Oct was
ultracentrifuged (45000 % g, 20000 rpm) for 20 min. After removing the supernatant,
transparent colloidal aggregates were obtained. The colloidal aggregates were put on a
sample holder for the XRD measurement. The colloidal aggregates were wet during the
measurement (30 min). The sample was dried for 1 day at room temperature in a reduced

pressure. The dried sample was peeled off and ground.

Synthesis of various layered silicates composites

All samples were synthesized according to Bim-Oct except some procedures as
follows. (i) Oim-Oct: The silylation reagent of octyl-3-(3-triethoxysilylpropyl)-
4,5-dihydroimidazolium chloride (4.2 g) was used for the silylation reaction. (ii)
d_Bim-Oct: Added amount of BimSi(OEt);Cl was 1.0 equivalents of SIOH/Si0  groups of
Ci6TMA-Oct. (iii) TMA-Oct: An anhydrous acetonitrile (50 mL) was added to a methanol
solution of N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (50 wt%, 5 mL),
and evaporated to remove methanol. This solution and additional anhydrous acetonitrile
(50 mL) were added to dried C;s TMA-Oct (1.0 g). (iv) Bim-Mag: Na-Magadiite was

69-70]

synthesized according to previous reports.! Cis TMA exchanged magadiite

[38.,45]

(CisTMA-Mag) was used as intermediate for silylation. The added amount of

BimSi(OEt);Cl (1.3 g) was adjusted depends on the SIOH/SiO  groups of C;sTMA-Mag.
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Observation of exfoliation

Powdery samples (0.02 g) of Na-Oct, H-Oct, C;¢TMA-Oct, Bim-Oct, Oim-Oct,
TMA-Oct, d Bim-Oct, and Bim-Mag were dispersed into water, respectively.
Ultrasonication was performed with stirring for 1 h. The mixture was separated into the
slurry and supernatant by centrifugation at 2200 x g (3500 rpm). The supernatant was
mixed with ethanol (1:1 volume) and dropped on a grid for observation with HR-SEM

(S-5500, HITACHI). The slurry was analyzed with XRD measurement.

Preparation of a spin-coated film and adsorption of an anionic dye

A transparent solution (40 mL) of ex-Bim-Oct was ultracentrifuged at 45000 x g
(20000 rpm) for 20 min. After removing the supernatant, the colloidal aggregates were
obtained. A few drops of de-ionized water were added to the colloidal aggregates and
spin-coated (3500 rpm, 15 s) on a glass substrate. After drying under a reduced pressure, a
transparent film was obtained. The film was soaked into an aqueous solution (10 mM) of
Orange II (4-[(2-hydroxy-1-naphthyl)azo]benzenesulfonic acid, monosodium salt; Tokyo
Chemical Industry Co.) for 1 day. The film was rinsed with ethanol. After drying, an

orange-colored film was obtained.

Characterization

AFM was performed with a Nanoscope III (Digital Instruments, Inc.) by using a
tapping mode. X-ray powder diffraction patterns (XRD) were obtained with a Rigaku
Rint-Ultima III powder diffractometer (CuKa, A = 0.15418 nm) by using a parallel beam
geometry equipped with a parabolic multilayer solar slit. Samples were put on a

zero-background holder made of silicon single crystal. The amounts of organic constituents
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were determined by CHN analysis (Perkin Elmer, 2400 Series II). The halogen contents
were measured by ion-chromatography by using an Organic Halogen/Sulfur Analysis Sys-
tem (Yanaco New Science Inc.) which consists of a combustion tube (SQ-10) and an
absorption unit (HSU-35). Thermogravimetry (TG) measurements were carried out with a
Rigaku Thermo Plus 2 instrument under a dry air flow at a heating rate of 10 °C/min. The
in-plane XRD pattern was recorded with an X-ray diffractometer equipped with a
four-axes goniometer (Rigaku ATX-G) using CuKa radiation. The incident angle of
X-rays in the in-plane geometry was set to 0.2 °. UV-vis absorption spectra were measured

with a SHIMADZU UV-vis recording spectrophotometer (UV-2500PC).

3. Results and Discussion

3.1. Exfoliation of Bim-Oct into nanosheets

Powderly Bim-Oct was well dispersed into water, and the solution became turbid
(Figure 2 left). After stirring with ultrasonic for 1 h, a transparent and colorless solution
was obtained without precipitates (Figure 2 right). Without ultrasonication, precipitates
were observed even after stirring for 1 week. The Tyndall effect was clearly observed for
the transparent solution (Figure 3). This Tyndall effect was not attributed to C;sTMA mi-
celles because C;¢sTMA cations were completely removed, proven by the °C CP/MAS
NMR data as described above. Therefore, the exfoliation of Bim-Oct into thin layers was
strongly suggested. The AFM image of ex-Bim-Oct on a Si wafer showed thin nanosheets
(Figure 4a). In our previous report,*” the morphology of Na-Oct, C;sTMA-Oct, and

Bim-Oct were square plates of 2-5 um in lateral size. The nanosheets take angular shapes,
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WASEDA

Figure 2. Photograph of the aqueous suspensions of Bim-Oct before (left) and after (right)
ultrasonication.

Figure 3. Photograph of ex-Bim-Oct illuminated by a laser light.

reflecting a slight destruction of the original square shape of the Bim-Oct particles. The
size of the nanosheets varied from 0.3 to 1 um in lateral size which was smaller than that

of Bim-Oct particles. Probably the ultrasonication in water induces the fragmentation of
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Bim-Oct. The height profile of ex-Bim-Oct (Figure 4b) shows the constant thickness of 2
nm along the scanned line. The height of the overlapped section was 4 nm which is two
times thicker than those of the other sections. The basal spacing of layered structure of
Bim-Oct before exfoliation was 2.4 nm (Figure 5a)."*" The thickness of the nanosheets was
less than the basal spacing of Bim-Oct. Therefore, these nanosheets consist of monolayer
nanosheets including silicate layer and immobilized butylimidazolium groups on both of
the sides. The difference between the thickness of nanosheets and the basal spacing will be

discussed below. From the results of the transparency and Tyndall effect of the solution as

o N b

Height / nm

Distance / pm

Figure 4. (a) AFM image of ex-Bim-Oct cast on a silicon wafer and (b) height profile on the black

line of (a).

154



Chapter 6

1.9 nm 0.19 nm
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Figure 5. XRD patterns of (a) powdery Bim-Oct before exfoliation, (b) colloidal aggregates of
ex-Bim-Oct obtained after ultracentrifugation, (¢) dried colloidal aggregates on the sample holder, (d)

powdery sample after grinding the dried sample.

well as the AFM image of nanosheets, it can be concluded that the silicate layers were
successfully exfoliated into monolayer nanosheets.

The colloidal aggregates after ultrasonication and ultracentrifugation show broad
XRD peaks around 20-50 ° and a small peak at 0.19 nm. However, no peak was observed
at low angle. The broad peaks around 20—-50 ° are assignable to diffraction halo of aqueous
solutions.!”"! Powdery Bim-Oct before exfoliation showed XRD peaks at 2.4, 1.2, and 0.73
nm assignable to a lamellar structure (Figure 5a), as reported previously.*®! In addition, the

XRD pattern of colloidal Bim-Oct aggregates showed a peak at 0.19 nm assignable to the
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(400) lattice plane in the crystal structure of Na-Oct (/4,/amd)"". Because the a and b axes
are parallel to the layer, the crystalline structure of silicate layer of Na-Oct was retained.
The disappearance of the peaks in lower angle suggests the lacking in the layer stacking.
This is one of the supporting data for the full exfoliation into monolayer nanosheets. After
drying the colloidal aggregates on the holder, sharp peaks at 1.9 nm, 0.95 nm, 0.64 nm, and
0.47 nm were observed (Figure 5c) and these peaks are assignable to the diffraction of
restacked nanosheets. The d-value of 1.9 nm is in good agreement with the thickness of the
nanosheets observed by AFM (Figure 4b). The peak assignable to the (400) plane was not
observed in the XRD pattern of this dried sample. These results can be explained by the
perpendicular directions of both the stacking of the nanosheets and the (400) plane to the
surface of the holder. Ground powders of the dried sample showed the peak at 0.19 nm
(Figure 5d) because the alignment of the nanosheets changed to random.

The compositions of ex-Bim-Oct (powders of dried colloidal aggregates) and
Bim-Oct are summarized in Table 1. The C/Si ratio of ex-Bim-Oct is 1.4, and less than that
of Bim-Oct (2.1). The C/N ratio of ex-Bim-Oct (5.2) was almost same as that of Bim-Oct
(5.3). The density of the imidazolium groups on the silicate layer of Bim-Oct before
exfoliation is 1.8 groups nm . The density of imidazolium groups is calculated to decrease
to 1.1 groups nm > on an assumption of that the decrease of carbon content (Table 1) after

exfoliation is totally due to the cleavage of siloxane bonds (Si-O-Si-CH,-). Therefore, the

Table 1. Composition of Bim-Oct and ex-Bim-Oct

Cl/imidazolium

Sample C/mass% N/mass% Cl/mass% Si0,/mass% ¢ C/N C/Si .
Bim-Oct 23.8 53 6.3 57 53 2.1 0.95
ex-Bim-Oct’ 17.0 3.8 2.3 62 5.2 1.4 0.48

“ Residual amount after heating the samples at 900 °C by TG.
® The solution of ex-Bim-Oct was ultracentrifuged and obtained colloidal aggregates were dried.
¢ The amounts of imidazolium group were calculated from the nitrogen contents.
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immobilized groups on the surface of silicate layers were partially eliminated during the
ultrasonication. The Cl/imidazolium ratio of Bim-Oct is 0.95, indicating the formation of a
1 : 1 pair of imidazolium groups and CI . However, ex-Bim-Oct indicated the decrease of
the Cl/imidazolium ratio to 0.48. Therefore, half of Cl ions were eliminated. As described
above, the thickness of the nanosheets (1.9 nm, Figure 4) was smaller than the d-value of
the Bim-Oct before exfoliation (2.4 nm, Figure 5a). The elimination of the organic species
and Cl 1ons is probably related to the decrease in the d-value. Although imidazolium
groups and Cl ions were partially eliminated, the crystal structure was retained after the

exfoliation on the basis of the AFM and XRD results.

3.2. Exfoliation mechanism

Despite the difficulty of exfoliation of layered silicates, Bim-Oct was fully
exfoliated to monolayer nanosheets. The effect of the interlayer surface and/or space of
layered silicates was investigated. C;sTMA-Oct, tetrabutylammonium exchanged
octosilicate (TBA-Oct), and octosilicate immobilized with octylimidazolium (Oim-Oct)!*®!
or trimetylammoniumpropylsilylated group (TMA-Oct) were used. In addition, another
sample (d_Bim-Oct) with a reduced amount of immobilized butylimidazolium group
(64%) was used. A layered silicate magadiite (NazSi;409° 1 IHZO)[69'70’72] was also used as
a starting material to form butylimidazolium-immobilized silicate (Bim-Mag).

All the samples except ex-Bim-Oct were turbid even after ultrasonication, while
the sample from Bim-Oct (ex-Bim-Oct) was transparent (Figure 2). The samples were
centrifuged at 2200 x g (3500 rpm; not ultracentrifugation) for the separation into
supernatant and slurry. The results after the centrifugation are summarized in Table 2. The

supernatants were cast on a grid used conventionally for TEM measurement.
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Table 2. Results of the exfoliation of the samples by ultrasonication

Used samples

Existence of nanosheets in supernatant * Increase of d-value by ultrasonication/nm

CisTMA-Oct
Bim-Oct
Oim-Oct
TMA-Oct
d_Bim-Oct
Bim-Mag

None 0
Observed -
Observed 0.1
None 0
None 0
Observed 0

¢ Supernatants were cast on carbon-coated Cu grids, and observed by HR-SEM.
® Precipitates were not obtained after centrifugation at 2200 x g (3500 rpm).

Figure 6. HR-SEM images of (a) Bim-Oct, (b) Oim-Oct, and (c) Bim-Mag after ultrasonication.

High-resolution scanning electron microscopic (HR-SEM) images showed that there were
no nanosheets on the grids having the samples obtained from the supernatants of
Ci6TMA-Oct, TMA-Oct, and d Bim-Oct. In the HR-SEM images of the cast supernatants
from Bim-Oct, Oim-Oct, and Bim-Mag, exfoliated nanosheets were observed (Figure 6).
The numbers of the nanosheets from Oim-Oct and Bim-Mag were much fewer
than that from Bim-Oct. The AFM image of the supernatant from Bim-Mag shows thin
nanosheets (Figure 7a). The thickness of the nanosheets was about 2.4 nm from the height

profile (Figure 7b). The XRD peaks at lower angle of Bim-Mag were almost extinct after
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Figure 7. (a) AFM image of Bim-Mag after ultrasonication (supernatant) on a silicon wafer and (b)

height profile along the black line in the AFM image of (a).

ultrasonication (Figure 8e). Therefore, Bim-Mag exhibits a swelling property with water.
The other slurry from C;¢TMA-Oct, Oim-Oct, TMA-Oct, and d Bim-Oct showed XRD
peaks with d-values same as or similar to those of samples before ultrasonication,
respectively (Figure 8a-d). Thus, the immobilization of butylimidazolium groups is most
effective for exfoliation in water. In addition, this method is potentially applicable for
various layered silicates.

The exfoliation property of layered silicates is thought to depend on the three
factors of (1) hydrophilicity of interlayer for swelling with water, (2) hydration property of
immobilized groups, and (3) degree of silylation for capping SiOH/SiO™ groups for the

control of interlayer interactions.
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Figure 8. XRD patterns before and after ultrasonication of (a) C;,TMA-Oct, (b) Oim-Oct, (c)
TMA-Oct, (d) d Bim-Oct, and (e¢) Bim-Mag. The upper and lower patterns show samples before and

after ultrasonication, respectively.

The low degree of exfoliation of Oim-Oct can be explained by the lower
hydrophilicity of octylimidazolium group than butylimidazolium group. In fact, Bim-Oct
was dispersed rapidly into water, while Oim-Oct required stirring to achieve dispersion.'*"’

Despite hydrophilic terminal trimethylammonium groups, TMA-Oct does not
exhibit a swelling and exfoliation behavior unlike Bim-Oct. The exfoliation behavior can
be discussed in relation to the hydration property of immobilized groups. The hydration
property of ionic liquids has been investigated by various methods. It is reported that
tetramethylammonium (including trimethylammonium group) cation is chaotropic (having

weak interaction with water molecules and decrease the structuring of water) rather than

kosmotropic (having a strong interaction with water molecules and increases the
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1 In  contrast, 1-butyl-3-methylimidazolium cation is

structuring of  water).
kosmotropic.””) Kosmotropic butylimidazolium groups immobilized on the interlayer
surfaces of octosilicate probably induces the hydration and the swelling. The kosmotropic
butylimidazolium groups probably stabilized exfoliated nanosheets in water because the
imidazolium groups presumably provide the structured water on the surface, and decrease
the surface free energy. Thus, kosmotropic imidazolium groups are suitable for exfoliation
of layered silicates.

The integral ratio of 0*:0" of ?Si MAS NMR spectrum (Figure 9) of Bim-Mag
was 32:318 (the sum was normalized to 350). The ratio of C;sTMA-Mag was 100:250.
Therefore, 68% of SiOH/SiO~ groups with Q° environment were silylated and changed to
0" environmental species. The integral ratio of 0’:0" in ’Si MAS NMR spectrum of
d Bim-Oct (Figure 10) was 36:164, suggesting that 64% of SiOH/SiO~ groups with O
environment was silylated. Though imidazolium groups were immobilized, Bim-Mag
showed a lower degree of exfoliation than Bim-Oct. In addition, d Bim-Oct showed a

non-swelling and non-exfoliation property. Higher degree of silylation is necessary for

successful  exfoliation. The interlayer hydrogen bonding and electrostatic

-40 -60 -80 -100 -120
Chemical Shift /ppm

Figure 9. ’Si MAS NMR spectrum of Bim-Mag.
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Figure 10. *Si MAS NMR spectrum of d_Bim-Oct.

interaction of residual SiOH/SiO™ groups probably hinders the exfoliation. Especially,
electrostatic interaction between layers should strongly affect the exfoliation property
because cohesive free energy of layered material is increased with the charge density.[”"
The charge density of pristine layered silicates (e.g. 1.9 charge nm > for Na-octosilicate,
half of SiOH/SiO™ groups) is much higher than that of clay minerals (e.g. 0.8 charge nm >
for saponite”® with CEC at 100 mequiv/100 g). The high cohesive free energy of pristine
octosilicate prevents exfoliation. Silylation reaction, which is a sort of capping of
SiOH/SiO  groups, should reduce the cohesive free energy of the interlayer surfaces.

Therefore, high silylation degree of SiOH/SiO groups is necessary for successful

exfoliation layered silicates.

3.3. Spin-coated films of nanosheets

A transparent and colorless spin-coated film was successfully obtained on a glass

substrate from the colloidal aggregates of ex-Bim-Oct (Figure 11 left). Previously,
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Figure 11. Photograph of the spin-coated film on a glass substrate (left) and the film after adsorption
of Orange II (right). The sizes of the substrates are 28 mm x 48 mm.
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Figure 12. XRD patterns of (a) the spin-coated film and (b) the film after adsorption of Orange II.

transparent film was prepared with partially delaminated esterified H-magadiite.”"

However, the film was obtained from only a supernatant part of a toluene suspension of the
esterified magadiite. In this study, a spin-coated film was obtained from not supernatant
but colloidal aggregates consisting of fully exfoliated nanosheets. The film shows the XRD
peaks at 1.8, 0.90, and 0.60 nm (Figure 12a), indicating a lamellar structure. The thickness

of the film can be estimated to be ca. 0.1 um from the cross-sectional HR-SEM image of
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the film on a silicon substrate (Figure 13). The in-plane XRD pattern of ¢-26y scanning of
the film shows the peaks at 0.73 nm, 0.37 nm, and 0.19 nm (Figure 14), assignable to (100),
(200), and (400) lattice plane (a = b = 0.73 nm). Therefore, the crystalline silicate
nanosheets are stacked flatly parallel to the substrate. Na-Oct does not show the peak due
to (100) lattice plane because of its crystal structure determined as /4;/amd.”” The
appearance of (100) peak from the film can be explained by the decrease of the symmetry
along ¢ axis because the direction of the nanosheets is random on the in-plane direction.
The d-value of the spin-coated film (1.8 nm) was slightly smaller than that of the dried

aggregates (1.9 nm). Although the reason for this difference is under investigation, one of

Figure 13. Cross-sectional HR-SEM image of spin-coated film on a silicon substrate (A: film, B: Si

substrate).

Intensity (a.u.)

20y / ° (CuKa)

Figure 14. In-plane XRD profile with ¢-26y scanning of the spin-coated film.
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the possibilities is well ordered and closer stacking of nanosheets by spin-coating.

The powdery Bim-Oct is anion-exchangeable with anionic dye and inorganic
anions because of the presence of cationic imidazolium groups.”*® The spin-coated film
was soaked into an aqueous solution of Orange II, an anionic dye. Then, an orange-colored
transparent film was obtained (Figure 11 right). The XRD pattern of the dye-adsorbed film
shows peaks at 2.3 nm and 1.2 nm (Figure 12b), and the peak at 1.8 nm before adsorption
was not observed. Therefore, Orange II anion was intercalated into the interlayer of the
nanosheets stacked on the substrate. The Orange II molecule has a plate-like structure
whose size can be estimated to be 1.7 nm % 1.1 nm % 0.5 nm (Figure 15). The increase of
d-value through the intercalation is 0.5 nm (= 2.3 nm — 1.8 nm). Therefore, Orange II
molecules probably lie flat in the interlayer. The UV-vis absorption spectrum of the
spin-coated film before adsorption was flat at zero in an overall range from 360 nm to 800
nm (Figure 16a), indicating the high transparency of the film in the visible area. The
absorption band of dye-adsorbed film was similar to that of an aqueous solution of Orange

I (Figure 16b, c). Therefore, Orange II molecules are well dispersed in the

Figure 15. Space filling model of Orange II molecule. Chloride ion is not shown. White: hydrogen,

grey: carbon, red: oxygen, blue: nitrogen, yellow: sulfur.
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Figure 16. UV-vis absorption spectra of (a) the spin-coated film, (b) the film after adsorption of
Orange II, and (¢) aqueous solution of Orange II at 12 uM in a cuvette with a pathlength at 1 cm.

interlayer without aggregation. Transparent films containing dyes with high orientation are
applicable to photofunctional devises.!'"™*7*! Not only the orientation but also the distance
of guest molecules highly affects the efficiency of the photofunctions. The density as well
as ordering of SIOH/SiO groups of layered silicates is varied depending on the crystal
structure. Therefore, the position of functional groups, such as imidazolium groups, on the
silicate layers, can be controlled. Thus, this films consisting of silicate nanosheets have
potential for the precise control of the distance and ordering of guest species in

two-dimensionally confined interlayer spaces.

4. Conclusion

The layered octosilicate was fully exfoliated into monolayer nanosheets in water
via immobilization of butylimidazolium groups on the surface. This is the first report of

exfoliation of layered silicates, whose frameworks are composed of only SiOy4 tetrahedra,
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into monolayer nanosheets. Regardless of the layer compositions, this is also the first
report of full exfoliation of cationic nanosheets into monolayer in aqueous media. The
transparent film of the fully exfoliated nanosheets should be applicable to various optical
and photochemical applications. The silylation reagent including butylimidazolium group
1s more suitable for exfoliation than other silylating reagents, containing octylimidazolium
and trimethylammonium groups. From the viewpoint of the science of ionic liquids, the
significant change of the silicate surface by the immobilization with butylimidazolium
group is novel. Recently, ionic liquids supported on solids have received considerable

[67-68.76-7) 1 general, nanosheet is one

interests as the supports for heterogeneous catalysts.
of morphology with the highest accessibility and surface area.*” Therefore, exfoliated
nanosheets of Bim-Oct should be applicable for novel and highly efficient catalyst supports.
In this study, the property of exfoliation was discussed by using the kosmotropic ability of
imidazolium groups. In general, kosmotropicity/chaotropicity can be determined by
thermodynamic parameters.”” In this method, organic groups on the silicate layers can be
changed by selection of silylation reagents. Therefore, the ability of exfoliation can be

predicted quantitatively with thermodynamic parameters in future. This method is

innovative for the design of nanosheets for various applications.
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Chapter 7

Conclusion of This Thesis and Future

Prospects

In this thesis, I summarized the covalent modifications of layered silicates for
layer-charge control and their transformations into nanostructured materials. I adopted two
ways for their achievements. One is the intralayer condensation of anionic SiO™ groups for
intercalation of nonionic surfactants. This method was applied for enlargement of
mesopores of 2-D orthorhombic mesoporous silica. The other is capping of anionic SiO

groups by cationic silylation reagents for the synthesis of an anion exchangeable layered
hybrid. The layered hybrid was exfoliated and transformed into single layered nanosheets.
From the viewpoint of each single layer, nanosheets obtained by exfoliation of
layered inorganic materials have received considerable attention as a method for
significant expansion of applications of layered materials. Various applications have been
developed for polymer/nanosheets composites and nanobuilding units for various hybrids
including Langmuir-Blodgett films, layer-by-layer films, hydrogels, and photofunctional

self-standing films. Exfoliation of layered materials has been reported for layered clay
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minerals, a-zirconium phosphates and phosphonates, layered metal chalcogenides, layered
metal oxides, and layered double hydroxides etc. However, the exfoliation and
delamination of layered silicates, whose frameworks are composed only SiO4 tetrahedra,
has been achieved yet in few reports."* Exfoliated nanosheets of layered silicates can be
regarded as an assembly of functional SiOH groups with a crystalline structure, well
ordering of SiOH, high surface area, and high aspect ratio. Thus, exfoliated nanosheets
from layered silicates have high potential as building units of hybrid nanomaterials which
have covalent bonds between nanosheets and guest species. Especially, methoxylated
octosilicate’™ and imidazolium-immobilized silicate nanosheets (Chapter 6) should be
applicable as building blocks. Though this thesis clarified the exfoliation of layered
silicates, the method into single layer is yet limited to the case of immobilization of
imidazolium groups with high density."*! Future development of the exfoliation process of
layered silicates is essential and the studies on this topic will surely become an interesting
trend.

Mesoporous silicas and layered silicates have some analogies in terms of siloxane
frameworks, silanol groups on the surfaces, confined spaces in a few nanometer size, and
high accessibility for guest species. Nowadays, covalent modification of mesoporous
silicas has been significantly developed from the viewpoint of applications, such as
heterogeneous catalysts and drug delivery system.!®'! Especially, individual modifications
of outer surface and inside of mesopores are quite important for the preparation of carriers
by capping mesopores with large nanoparticles.!'"! The individual modification will be able
to be applied for layered silicates and will provide novel applications unlike mesoporous
silicas. Mesoporous silicas can be obtained with various morphologies for example films,

nanoparticles, and monolith. From the view point of the versatility of morphology,
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mesoporous silicas have advantage over layered silicates. However, layered silicates have
advantage for the accessibility and dispersibility of guest species in confined space over
mesoporous silicas because mesopores are often stacked with bulky guest species. In
addition, frameworks of mesoporous silicas are generally amorphous. Therefore, it is very
difficult to obtain highly ordered functional groups immobilized on silanol groups by using
mesoporous silicas. Thus, the advantage of the crystalline silicate surfaces with highly
ordered silanol groups of layered silicates should be applied for more precise control of
ordering and distance of guest species and/or active sites. In addition, each application
provided by the functionally-silylated layered silicates should be compared with that of
mesoporous silicas.

The development of the covalent modification was totally split into conventional
layered silicates (e.g. kanemite, magadiite, and octosilicate) and layered silicates with
zeolitic layers (layered zeolite). By using conventional layered silicates, various functional
groups, for example alkyl, perfluoroalkyl, amine, and sulfide groups, were immobilized.
These hybrids exhibit interesting properties. However, the applications usually depend on
immobilized functional groups. In addition, confined interlayer nanospace has not been
fully utilized and practical applications have been limited. In contrast, by using layered
silicates with zeolitic layers, applications such as catalysts have been achieved because of
the presence of active acid sites on the interlayer surfaces. However, the variety of covalent
modifications of these layered zeolites is limited to condensation reaction and silylation of
singular Si species and some phenylene bridged silylation reagents, so far. I claim that
these two separated scientific area must be merged, and this will provide synergistically
enhanced applications because of precise control of structure and surface properties

corresponding to the applications in future.
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In conclusion, the applications of material design based on layered silicates can be
categorized to some topics, such as selective adsorbents, catalysts, making building units,
and creation of new crystal structures. Covalent modifications by using reaction of

SiOH/SiO" groups make it possible to design layered silicates for all these applications.

Thus, important factors for the design of layered silicates for expected applications can be
summarized as follows;
(1) Definition of target application which is highly demanded,

(2) Understanding and selection of layered silicates containing SiOH/SiO" with

expected ordering and distribution (layer stacking sequence is also important),

(3) Selection and/or synthesis of immobilization groups such as silylation reagents

(selection of SiCl or Si-OMe/-OEt is also important).
In particular, the factor (1) is essential to develop material design of layered silicates. Such
a strategic study will surely lead to a breakthrough for novel applications in future. I do
hope that the chemical design of layered silicates described here will expand the usefulness
of related scientific areas of zeolite science, catalyst, chemistry of nanobuilding units, and

mesoporous and mesostructured silicas.
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