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1. Introduction  

Various nano-scale materials and an abundance of formulas that offer many potential 

benefits in our life and contribute to creating a sustainable society are latent in nature.  For 

example, ubiquitous substances such as efflorescent soil minerals and rock contain various 

polymorphous nanomaterials like nano-balls, nano-tubes, and nano-sheets, which each have 

unique physicochemical properties including ion exchange, adsorption, colloidal 

characteristics, and swelling capabilities (van Olphen, 1977; Suzuki at al., 2001; Tamura & 

Nakazawa, 1996; Tamura et al., 1999, 2000).  We benefit unknowingly from these materials 

in many ways. We can create innovative materials by learning their properties and mineral 

genesis. 

Novel functional composite materials are being studied in our laboratory as a means to 

develop new engineering technologies for engineering ends.  To improve various material 

properties such as strength, stiffness, corrosion resistance, surface finish, weight, and fatigue 

life, composites combine two or more substances on micro- and macroscopic scales to form 

useful materials.  Of particular interest are the recently developed nanocomposites that 

consist of a polymer with a layered silicate, as they often exhibit remarkably improved 

mechanical and other properties when compared with pure polymers or conventional 

micro- and macro-composites (Kurauchi at al., 1991; Usuki et al., 1993; Maiti et al., 2001; 

Messersmith & Giannelis, 1994; Wang & Pinnavaia, 1998; Haraguchi & Takehisa, 2002; Yano, 

et al., 1997).  

Generally, layered silicate-polymer nanocomposites are classified according to their levels of 

intercalation and exfoliation (Giannelis, 1992). At one end of this classification scheme are 

well ordered and stacked multilayers. These consist of intercalated polymer chains resident 

between host layers.  At the other end are exfoliated silicate layers in a continuous polymer 

matrix.  Some exfoliated clay-polymer nanocomposites have already been used in practical 

applications because of they are suitably rigid, strong, and exhibit barrier properties, whilst 

having far less silicate content than conventional composites that are filled with other 

minerals.  Nanocomposite properties vary widely between the two extremes.  The best 

results with respect to rigidity or barrier properties are obtained if the layered silicate is 

fully exfoliated into single layers with a thickness of about 1 nm.  In spite of numerous 
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attempts reported during the past couple of decades, there has been no report of a 

nanocomposite with a rigorously controlled morphology.  

Here, morphology is defined as the dispersion state of the clay components, called particles 
hereinafter, in the polymer matrix.  Precise control of morphology is one of the most 
important factors in  production of nanocomposites with desired properties.  Although the 
control of morphology is still difficult, it can be a pivotal technique in studying how 
morphology, such as particle shape and size, affects the properties of nanocomposites.  In 
this chapter, with respect to control of morphology, our attention was directed at the clay 
components to be dispersed and the number of layers of clay particles.  
The following section highlights the various species and structures of layered silicates that 
are important when controlling the number of layers of dispersed silicate platelets.  In 
particular, we focus strongly on interstratified clay minerals where two or more different 
individual component layers are stacked in various ways to make up a new structure, 
different from those of its constituents. These interstratified structures result from the strong 
similarity that exists between the layers of the different clay minerals, which are all 
composed of tetrahedral and octahedral sheets of hexagonal arrays of atoms, and from the 
distinct differences in the thickness of clay mineral layers. Later sections will explore specific 
types of nanocomposites that have been prepared using several types of interstratified clay 
minerals.  

2. Structure of layered silicates 

2.1 Tetrahedral sheet and octahedral sheet 
The layers that form all phyllosilicates, and therefore clay minerals, are characterized by 
two-dimensional sheets with octahedral (O) or tetrahedral (T) configurations (Fig. 1).  The 
octahedral (O) sheets are called dioctahedral if they contain two M3+ cations in six-fold 
coordination with O2- or OH-, in which case one of three cation sites remain vacant.  If the 
octahedral sheets are made up of three M2+ cations coordinated with six O2- or OH units-, 
then all the cation sites are occupied by M2+ ions. The layers are then termed trioctahedral. 
 

 

Fig. 1. Two-dimensional octahedral (O) and tetrahedral (T) sheets.. 
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Tetrahedral (T) sheets are composed of cations organized in fourfold coordination with O2- 

or OH-. The dominant cation in such layers is usually Si4+, but may also be Al3+.  The atomic 

arrangements of octahedral and tetrahedral layers are shown schematically in Fig. 1. The 

junction plane between the tetrahedral and octahedral sheets consists of shared apical 

oxygen atoms of the tetrahedrons and unshared hydroxyls (or fluorides) (Fig. 1).  Typical 

layered clay minerals are listed in Table 1. 

2.2 1:1 type layered silicates 
Clays can be categorized depending on the way that tetrahedral and octahedral sheets are 

packaged into layers. If there is only one tetrahedral and one octahedral group in each layer 

the clay is known as a 1:1 TO layered silicate.  The 1:1 TO layer type (kaolin-serpentine 

group) has one tetrahedral sheet, which shares corners with an octahedral sheet. The 

thickness of this two-sheet unit is about 0.7 nm (Fig. 2a). The kaolin group consists of 1:1 

layer structures with the general composition of Al2Si2O5(OH)5.  Kaolinite, dickite and 

nacrite are polytypes.  Halloysite is a hydrated polymorph of kaolinite with curved layers 

and a basal spacing of about 1 nm due to hydration.  

 

 
 

 
 

Fig. 2. Typical structures of layered silicates. (a) 1:1 layer type, kaolin-serpentine group; (b) 

2:1 layered type, e.g. pyrophyllite or talc; (c) 2:1 layer type with interlayer cation (primarily 

K, Na, Ca, and Mg); and (d) 2:1 TOT layer type with brucite-like layer.   
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Layer Type Group Sub-group Species Chemical composition

1 : 1 kaolin · serpentine kaolin kaolinite Al2Si2O5(OH)4

(x~0) dickite ↑

nacrite ↑

halloisite Al2Si2O5(OH)4・2H2O

serpentine chrysotile Mg3Si2O5(OH)4,

lizardite ↑

antigorite (Mg, Fe2+)2.0Al(Si1.0Al1.0)O5(OH)4・2H2O

2 : 1 pyrophillite · talc pyrophillite pyrophillite Al2Si4O10(OH)2

(x~0) talc talc Mg3Si4O10(OH)2

smectite dioctahedral smectite montmorillonite E0.33(Al1.67Mg0.33) Si4O10(OH)2・nH2O

(x=0.2~0.6) beidellite E0.33Al2(Si3.67Al0.33)O10(OH)2・nH2O

trioctahedral smectite saponite E0.33Mg3(Si3.67Al0.33)O10(OH)2・nH2O

hectorite E0.33(Mg2.67Li0.33)Si4O10(OH)2・nH2O

stevensite E0.33Mg2.92Si4O10(OH)2・nH2O

sauconite E0.33Zn3(Si3.67Al0.33)O10(OH)2・nH2O

vermiculite dioctahedral verimiculite dioctahedral verimiculite Mg2/xMg3(Si4-xAl)O10(OH)2・nH2O

(x=0.6~0.9) trioctahedral vermiculite trioctahedral vermiculite Mg2/xAl2(Si4-xAl)O10(OH)2・nH2O

mica dioctahedral mica muscobite KAl2(Si3Al)O10(OH)2

(x=0.6~1.0) paragonite NaAl2(Si3Al)O10(OH)2

illite K0.75Al1.75R0.1
2+(Si3.5Al0.5)O10(OH)2

celadonite KFe3+(Mg,Fe2+)□Si4O10(OH)2

tobelite 膅NH4䐢0.6K0.2Al2(Si3.2Al0.8)O10(OH)2

trioctahedral mica phlogopite KMg3(Si3Al)O10(OH)2

annite KFe2+
3(Si3Al)O10(OH)2

lepidolite K(Li,Al)3(Si,Al)4O10(F,OH)2

brittle mica dioctahedral brittle mica margarite CaAl2(Si2Al2)O10(OH)2

(x~2.0) trioctahedral brittle mica clintonite Ca(Mg,Al3)(SiAl3)O10(OH)2

anandite Ba(Fe,Mg)3(Si3Fe3+)O10(OH)2

2 : 1: 1 chlorite dioctahedral chlorite donbassite Al4.27(Si3.2Al0.8)O10(OH)8

(x valiable) di-·tri-octahedral chlorite cookeite (LiAl4)(Si3Al)O10(OH)8

sudoite (Al2.7Mg2.3)(Si3.3Al0.7)O10(OH)8

trioctahedral chlorite clinoclore (Mg,Fe2+)5Al(Si3Al)O10(OH)8

chamocite (Fe2+,Mg,Fe3+)5Al(Si3Al)O10(OH)8

x : net layer charge per formula unit. E : exchangeable cation. □ : vacant.  

Table 1. Classification of typical layered silicates related to clay minerals. 

2.2 2:1 type layered silicate 
The alternative, known as a 2:1 TOT layered silicate, has two tetrahedral sheets with the 
unshared vertices of each sheet pointing towards each other and forming each side of the 
octahedral sheet.  The 2:1 TOT layer type with no interlayer cation, which includes 
pyrophyllite and talc, consists of two sheets of tetrahedra with an octahedral sheet 
sandwiched in between.  These 2:1 layers are electrostatically neutral in the ideal case, with 
no interlayer ion present (Fig. 2b).  The thickness of this 2:1 unit is about 0.91 nm to 0.94 nm.  
The 2:1 TOT layer type with interlayer cations consists mainly of the smectite, vermiculite, 
illite, and mica groups. It also contains 2:1 TOT layers, similar to Fig. 2b, which corresponds 
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to pyrophyllite and talc, but differs in that there is more significant isomorphous 
substitution, sufficient to raise the charge per unit cell. The net negative charge that arises 
from this is compensated for by interlayer cations (primarily K, Na, Ca and Mg) (Fig. 2c).  
The thickness of this platelet is about 1 nm. 

2.3 2:1 type layered silicates (TOT-brucite) 
Unlike other 2:1 clay minerals, in chlorites, the interlayer spaces between each 2:1 sandwich 
contain (Mg2+, Fe3+)(OH)6. This (Mg2+, Fe3+)(OH)6 unit is more commonly referred to as the 
brucite-like layer (an octahedral sheet), due to its close resemblance to the mineral brucite 
(Mg(OH)2). Thus, chlorite’s structure is as follows: T-O-T-brucite-...(Fig. 2d). The typical 
general formula is: (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6 (see Table 1). 

3. Interstratified clay minerals 

3.1 Natural systems 
Some natural clays consist of particles in which different types of silicate layers are stacked 
together (interstratification), and each type of silicate layer has swelling or non-swelling 
properties.  These silicates are called interstratified clay minerals (Reynolds, 1980).  
 

 

Fig. 3. Structures of interstratified clay minerals (illite/smectite system): (a) Regularly 
interstratified structure (1:1 type), and (b) Randomly interstratified structure. 

Interstratified clay minerals can have ordered (or regular) mixed layer structures if different 

layers alternate along the c* direction in a periodic pattern (e.g. the stacking of generic type 
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A and type B layers can be …ABABAB… or …AABAABAA…etc.). They can also have 

disordered (or irregular) mixed layer structures, wherein the stacking of type A and type B 

layers in the c* direction is random (e.g. …ABAAABABB…). These orderings are called 

regular or random, and are described by a Reichweite (R) ordering parameter (Jagodzinski, 

1949a, 1949b, 1949c).  For example, the regularly interstratified sequence of illite (I) and 

smectite (S) layers with a ratio of 1:1 refer to an ordering parameter R1. This type would be 

ordered in an ISISIS fashion (Fig. 3a). On the other hand, Figure 3b shows random ordering 

which refer to R0.  Figure 3 shows an example of interstratification between illite (I): 

anhydrous layers, with a periodicity of about 1.0 nm, and smectite (S): hydrated layers with 

a periodicity of about 1.2 nm to 1.4 nm.  Interstratified clay minerals which are perfect R1 

types often have individual names (Table 2). R1-ordered chlorite-smectite is known as 

corrensite, and R1 mica-smectite is rectorite. Special names are assigned to regularly 

alternating sequences of components present in a fixed ratio.  Irregularly stacked structures 

are identified using the names of the two components, such as illite-smectite, smectite-

chlorite and kaolinite-smectite. Typical interstratified clay minerals are listed in Table 3. 

 

Rectorite Mica (di)/Smectite (di) 1 : 1

Tarasovite Illite/Smectite (di) 3 : 1

Tosudite Chlorite (di)/Smectite(di) 1 : 1

Brinrobertsite Pyrophillite/ Smectite (di) 1 : 1

Hydrobiotite Mica(tri, Biotite) /Vermiculite(tri) 1 : 1

Corrensite Chlorite(tri) /  Vermiculite (tri) 1 : 1

Chlorite(tri) / Smectite (tri) 1 : 1

Aliettite Talc / Smectite (tri) 1 : 1

Kulkeite Chlorite(tri) /Talc 1 : 1

Dozyite Serpentine / Chlorite(tri) 1 : 1

Mineral Name Layer components
Regular alternation of

layer types

 

Table 2. Regularly stacked, mixed clay minerals. di: dioctahedral, tri: trioctahedral. 

In table 3, which lists the combinations between dioctahedral type layers and between 

trioctahedral type layers, there is only one combination between dioctahedral and 

trioctahedral type layers. 

As shown in table 3, natural interstratified clay minerals mainly comprise combinations of 
two types of dioctahedral layers, or combinations of two types of trioctahedral layers. A 
combination of dioctahedral-type layer and trioctahedral-type layer is rarely found in 
nature.  This is due to a larger misfit between the dioctahedral-type layer with the 
trioctahedral-type layer along the b* axis.  Each basic building block (layer) of interstratified 
clay minerals is generally assumed to possess the properties which are the same as the 
corresponding naturally-occurring mineral. 
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In order to define the basic building block (layer) of interstratified clay minerals, two possible 
structure models, which either have or do not have a center of symmetry placed between illite 
layers or smectite layers, are provided for regularly interstratified R1 I/S clay minerals.  In the 
model which does not have the center of symmetry, an individual 2 : 1 layer in R1 I/S is 
always chemically homogeneous, consisting of either smectite or illite layer (Fig.4a).  This 
model is referred to as non-polar 2:1 model.  On the other hand, in the model having the center 
of symmetry (the symmetry is across the interlayer), an individual 2 : 1 layer in R1 I/S can be 
chemically homogeneous, containing a low charge smectite layer-like layer on one side and 
high charge illite-like layer on the other (Fig. 4b) which is referred to as polar 2:1 model. The 
polar model is supported by a number of NMR and XRD results (Altaner et al., 1988; Barron at 
al., 1985; Jakobsen at al., 1995; Plançon, 2004), and the first principle calculation (energy 
calculations) further reinforces the polar model (Olives et al., 2000; Stixrude & Peacor, 2002).  
The polar model is also consistent with the fundamental particle model by Nadeau et al.(1984)  
and the latest high resolution TEM result (Murakami et al., 2005). 
 

 

Fig. 4. Schematic of (a) non-polar and (b) polar  models of  the  R1 I/S structure. 

In the natural process of diagenesis, the transition of smectite to illite is an established axiom 
within the field of clay mineralogy. The formation of I/S minerals is actually affected not 
only by temperature, but also by other factors such as fluid chemistry, time, fluid/ rock 
(W/R) ratio during the formation of I/S minerals, and the chemical composition of the 
precursor materials (Altaner & Ylagan, 1997). Three of the most apparent variables driving 
the smectite-to-illite transition, called by some the illitization of smectite, are the time 
involved, the temperature, and the availability of interlayer K ions. As with all chemical 
reactions, time and temperature are inversely related (S´rodon´ & Eberl, 1984). 

3.2 Synthesis of interstratified clay minerals  
Many kinds of regularly interstratified clay minerals such as illite/smectite, mica/smectite, 
and chlorite/smectite have been found in nature.  They are not, however, generally used as 
industrial materials because they are rare.  Because of their scarcity, it is important to 
attempt to synthesize some interstratified clay minerals.  Examples of previous research on 
synthesizing regularly interstratified clay minerals include studies on lizardite/saponite 
(smectite) and serpentine/smectite (Torii et al., 1998; Nagase et al., 2000). 
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non-expandable layer/expandable layer Illite - Smectite (di)

Illite - Vermiculite (di)

Mica (di) - Vermiculite (di)

Mica (di) - Smectite (di)

Glauconite - Smectite (di)

Chlorite (di) - Smectite (di)

Pyrophillite - Smectite (di)

Pyrophillite - Vermiculite (di)

Kaoline - Smectite (di)

Halloisite (7Å) - Halloisite (10Å)

Chlorite (di) - Kaoline

Mica (di) - Pyrophilite

Mica (di) - Chlorite (di)

expandable layer/expandable layer Vermiculite (di) - Smectite (di)

Smectite (di) - Smectite (di)

non-expandable layer/expandable layer Mica(tri, Biotite) - Vermiculite(tri)

Mica(Biotite) - Smectite(tri)

Chlorite(tri) - Vermiculite(tri)

Chlorite(tri) - Smectite(tri)

Talc - Smectite(tri)

Chlorite(tri) - Talc

Serpentine - Chlorite(tri)

Chlorite(tri) - Mica(Biotite)

expandable layer/expandable layer Vermiculite (tri) - Vermiculite (tri)

non-expandable layer/expandable layer Chlorite(tri) - Smecite (di)

dioctahedral type -
dioctahedral type

trioctahedral type -
trioctahedral type

Combination Layer components

dioctahedral type -
trioctahedral type

non-expandable layer/non-expandable layer

non-expandable layer/non-expandable layer

 

Table 3. Combinations of silicate layers in reported interstratified clay minerals. 

In a previous study, we performed a series of hydrothermal experiments to determine the 
phase relationships of montmorillonite – stevensite and beidellite - saponite pseudo-binary 
joins (Yamada et al., 1999, 2010).  Fig. 5 shows a three-component phase diagram of smectite 
with Si, Mg, and Al. Na is constant, and the figure shows the proportion of each element 
present in the smectites. Hydrothermal experiments were conducted using a rapid-quench 

type hydrothermal apparatus running at temperatures from 250 °C to 500 °C, with a 
constant pressure of 100 MPa and varying duration times. The time-temperature-phase 
change diagram in the both pseudo-binary join shows that immiscibility occurs between 
dioctahedral smectite (ex. montmorillonite-like smectite) and trioctahedral smectite (ex. 
stevensite-like smectite) below 400°C. It should be noted that interstratified clay minerals 
including rectorite-like interstratified layered silicate (composition I); a regularly 
interstratified chlorite/smectite (composition II); and a regularly interstratified 
talc/talc/smectite (composition III) were obtained at 350 °C (composition III), 450°C 
(composition I, II) in the intermediate chemical regions of these joins (Yamada et al., 1999, 
2010). Of particular note was the montmorillonite-stevensite pseudo-binary join. On the 
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Fig. 5. A three-component phase diagram of smectites with Si, Mg, and Al. Na is constant, 
showing the proportion of each element present in the smectites. 

 

 

Fig. 6. Schematic diagram of the exfoliation process of regularly interstratified silicate layers: 
non-expandable layers are dispersed in a stacked condition after exfoliating the expandable 
layer. 
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stevensite side of this region, the trioctahedral smectite was found below 300°C, which 
transformed to stevensite and quartz with aging.  Above 350°C, however, in the 
composition III, a regular interstratification was recognized, which was the regularly 
interstratified sequence of talc-like and smectite-like layers with a ratio of 2:1 
(talc/talc/smectite) and a Reichweite (R) ordering parameter R2. The assemblage of 
regularly interstratified clay minerals was recognized in the intermediate chemical 
composition region of their joins.  The following section explains the characterization of the 
synthesized interstratified clay minerals in more detail. 

4. Interstratified clay minerals: polymer nanocomposites 

4.1 Control of the number of layers 
In order to achieve control of the number of layers, a layered silicate with two antagonistic 
properties, expandable and non-expandable characteristics, was prepared in each particle. 
Using these interstratified clay minerals with regularly alternating sequences of 
components, exfoliated nanolayers consisting of two or three layers per group could be 
dispersed in a polymer matrix (Fig. 6). The hydrophilic nature of these pristine clay minerals 
impedes their homogeneous dispersion in the polymer matrix.  In most cases, the interlayer 
that has a expandable property must be organically modified.  Unfortunately, it is difficult 
to obtain favorable materials having interstratified structures in ordered sequences because 
natural sources are impure and non-homogeneous, so it is important to create better-
designed interstratified materials for inclusion in nanocomposites. 

4.2 Morphology development of polymer nanocomposites 
4.2.1 Synthesized interstratified clay minerals 
The time-temperature-phase change diagram described above showed that three types of 
regularly interstratified clay minerals  occur above 350°C; product (I), a regularly 
interstratified mica/smectite (M/S), with a regular 1:1 layer type alternation, product (II), a 
regularly interstratified chlorite/smectite (C/S), which also has  a 1 : 1 alternation, and 
product (III), a regularly interstratified talc/talc/smectite (T/T/S) with a 2:1 alternation 
(Fig. 5). The stacking structures were determined by examining different treatment samples 
using X-ray diffraction (XRD) measurement.  

4.2.2 Characterization of the synthesized interstratified clay minerals 
To evaluate the layer stacking of the resulting material, two quenched samples were 
examined using XRD measurements.  (1) The samples were oriented by sedimentation in 
water onto glass slides and then drying at room temperature.  (2) An ethylene glycol (EG)-
treated sample was prepared as follows: the oriented sample was placed in a sealed 
container with EG and then heated overnight at 60 ºC. The phases encountered were 
identified using previously described criteria (Yamada et al., 1999, Tamura at al., 2008).  

Then, to prepare the nanocomposites, organically modified synthesized materials were 
made utilizing the ion-exchange reaction between exchangeable interlayer cations and 
octadecylamine (ODA) hydrochloride.  
Product (I) By hydrothermal treatment of quenched glass with composition (I) at 450°C for 
20 days, a layered silicate with a regularly interstratified structure was obtained (Tamura at 
al., 2009). Figure 7 shows the XRD patterns of (a) the pristine product (I), (b) an EG-treated 
sample and (c) an ODA treated sample.  In the pristine product (I), a shoulder is observed at  
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Fig. 7. XRD patterns of (a) product (I), (b) ethylene glycol-treated product (I) (EG-MS), and 

(c) ODA-modified product (I). XRD data were collected using Cu-Kα radiation. 

2θ = 3.6°, corresponding to 2.4 nm.  After treatment with EG, the 001 reflection shifted to a 
lower angle, from 2.4 nm to 2.8 nm and a 002 reflection appeared.  Curve (c) is the XRD 
pattern of the ODA treated sample.  Three broad reflections at 2.4 nm, 1.6 nm, and 0.94 nm 
were observed, which correspond to the 002, 003 and mica phases, respectively. The basal 
spacing of the ODA-product (I) is estimated to be 4.8 nm.  All XRD results indicate that the 
layer structure is a 1:1 regularly interstratified structure consisting of the mica/smectite 
sequence we refer to as M/S. This is a “Rectorite-like type interstratified silicate” (Fig. 8). 
 

 

Fig. 8. Schematics of (left) product (I); orderly interstratified mica/smectites (M/S) and 
(right) ODA-M/S structures. 
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 Product (II) By hydrothermal treatment of quenched glass with composition (II) at 450°C 

for 20 days, a regularly interstratified structure was recognized (Tamura at al., 2009).  The 

pristine product shows three broad reflections of 2.7 nm, 1.35 nm and 1 nm, respectively 

(Fig. 9, curve (a)).  For the EG treated sample, curve (b), two reflections shift to lower angles. 

These correspond to 001, and 002, respectively (curve (b)). The line profiles suggest that the 

layer structure of product (II) is a 1:1 regularly interstratified structure consisting of the 

chlorite(C)/smectite (S) sequence we refer to as C/S.  Thus, we have a “corrensite”-like 

interstratified silicate (Fig. 10). Curve (c) in Fig. 9 is an XRD pattern of the ODA treated 

sample. Two broad reflections of 3.2 nm and 1.6 nm were observed, which correspond to the 

001 and 002 reflections, respectively. 

Product (III) By hydrothermal treatment of quenched glass with composition (III) at 350°C for 

7 to 21 days, a unique regularly interstratified clay mineral composed of talc/talc/smectite 

(T/T/S) was recognized (Tamura et al., 2008). For the pristine product, three broad reflections 

of 3.5 nm, 1.7 nm, and 1.0 nm were observed, which correspond to the 001, 002, and 003 

reflections, respectively (Fig. 11, curve (a)).  After treatment with EG, all three reflections 

shifted to lower angles of 3.7 nm, 1.8 nm, and 1.2 nm (Fig. 11, curve (b)).  These results suggest 

that the layer structure of product (III) is a 2:1 regularly interstratified structure consisting of 

the talc/talc/smectite sequence that we call T/T/S (Reichweite ordering parameter: R2). This 

is a new regularly interstratified clay mineral in an ordered sequence.  

The d001 phase at 5.2 nm is a super-lattice of the compound formed by the intercalation of 

ODA+ molecules (Fig. 11, curve(c)). Figure 12 schematically depicts the ordered 

interstratified T/T/S and organically modified T/T/S (ODA-T/T/S) structures. 
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Fig. 9. XRD patterns of (a) product (II), (b) ethylene glycol-treated product (II) (EG-C/S), 

and (c) ODA-modified product (II). XRD data were collected using Cu-Kα radiation. 
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Fig. 10. Schematics of (left) product (II); orderly interstratified chlorite/smectites (C/S) and 
(right) ODA-C/S structures. 
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Fig. 11. XRD patterns of (a) product (III), (b) ethylene glycol-treated product (III) (EG-

T/T/S), and (c) ODA-modified product (III). XRD data were collected using Fe-Kα 
radiation. 
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Fig. 12. Schematics of (left) product (III); orderly interstratified talc/talc/smectites (T/T/S) 
and (right) ODA-T/T/S structures. 

4.2.3 Preparation of nanocomposite 
The ODA-modified silicate powder was added to diglycidyl ether of bisphenol A (DGEBA) 

and cured with methyl nadic anhydride (MNA). Benzyl dimethylamine (BDMA) was used 

as a catalyst.  Samples were cured at 150°C for 6 h. 

Figure 13 shows transmission electron microscopy (TEM) images of (a) [ODA-M/S]-epoxy, 

(b) [ODA-C/S]-epoxy, and (c) [ODA-T/T/S]-epoxy, respectively. The dark areas represent 

the silicate layers and the gray/white areas represent the epoxy matrix. It would seem that 

the dispersed platelets (units) are thicker than those of a completely exfoliated (monolayer 

dispersed) clay-polymer nanocomposite. In the TEM image of the [ODA-M/S]-epoxy 

composite, partially exfoliated double layers (2-nanolayer/group) can be seen (Fig. 13a). In 

the [ODA-C/S]-epoxy composite, flocculated silicate layers ranging from about 50 nm to 200 

nm in thickness were observed (Fig. 13b).  It seems, however, that fine particles might be 

partially exfoliated in the epoxy matrix. Closer observation of the nanocomposite at high 

magnification confirms a rather rigid platelet (cross section), in which the length of the cross 

section is a few hundred nanometers and its thickness is approximately 3 nm.  Most of the 

nanolayers appear to be 3 layers per unit (C/S: the thickness is a ca. 2.5 nm). 

The [ODA-T/T/S]-epoxy nanocomposite has an especially homogeneous dispersion of ODA-

TTS platelets in the epoxy matrix (Fig. 13c).  The TEM image confirms a rather rigid platelet 

(cross section), in which the length of the cross section is a few hundred nanometers and it is 

approximately 3 nm to 5 nm thick. Most of the dispersed nanolayers shown in Fig. 13c are 

actually 3 nanolayers grouped together. The 3-layer group thickness of approximately 5 nm, 

deduced from the TEM images, is thicker than that of the 3 silicate layers (minimum thickness 
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Fig. 13. TEM images of thin sections of glassy epoxy composites cured at 150°C for 6 h: (a) 
[ODA-M/S]-epoxy system, (b) [ODA-C/S]-epoxy system, (c) [ODA-T/T/S]-epoxy 
nanocomposite.  The weight fraction of each loading was 2.5% silicate. The insets show 
supposed unit layers . 

of about 3.5 nm) that could be caused by the tilting of layers that are inclined obliquely to the 
sectioned plane. Despite the thicker dimension, the image clearly shows that perfect 
exfoliation of a 3-layer unit (T/T/S) has taken place, showing that we succeeded in 
dispersing silicate nanolayers consisting of several layers in one group in a polymer. 

5. Summary 

Following the pioneering work of Toyota researchers who demonstrated the first practical 
application of a clay-nylon 6 nanocomposite in the automobile industry (Kurauchi et al., 
1991), numerous researchers have reported the preparation of exfoliated clay-polymer 
nanocomposites in various polymer systems.  A range of factors that influence not only the 
morphology but also the final properties of composites have been identified, including the 
nature of the polymer, the nature of the clay minerals, interfacial interactions between the 
clay minerals and the polymer, the processing methodologies, and the amount of clay.  In 
order to optimize the properties of nanocomposites so that they can be used effectively in 
practical applications, we need to take a comprehensive view of all these factors when 
designing the material.  We strongly believe that broadening our scope in order to utilize 
various types of clay minerals and methods will be essential to achieve that goal. 
In this chapter, several examples of polymer nanocomposites using different types of 
regularly interstratified clay minerals have been introduced.  Generally, smectites and other 
expandable layered silicates are versatile materials that, in a practical sense, are well 
adapted to yield a large variety of nanocomposites due to their ion exchange, expandability, 
and colloidal properties. On the other hand, no one has attempted to use regularly 
interstratified clay minerals, the so-called “mixed clay minerals”, despite their unique 
structure of highly ordered silicate nanolayers (an ordered sequence along the c* direction) 
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to create new nanocomposites due to their unavailability and metastability. Peculiar clay 
minerals could potentially extend the field of high performance materials beyond traditional 
applications to encompass new unexpected functions. For the future, to design high-
performance nanocomposites, highly precise control of morphology ranging from the 
microscopic to the macroscopic scale will be probed using various interstratified minerals. 
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