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ABSTRACT

  Fine crystals  of  hectorite-like layered silicate formed using  hydrothermal reactions  on  monodisperse

spherical  silica  particles with  diameters of O.2, O.6 and  1,O pm. The reactions  were  performed in a  colleidal

spherical  silica  suspension  with  lithium and  rnagnesium  ions under  alkaline conditions at 373 K  in a rotating

[[bflon-lined autoclave  at  the LiF:MgCl,:SiO, molar  ratio  of  O.21:O.8:8.0. The grain size distributions were

quite uniforrn  irrespective ofthe  silica  size  in the initial mixtures,  as  a  result  ofthe  high rate  ofheterogeneous

nucleation  reaction  than  that of  the hornogeneous nucleation,  The amount  of  a  cationic  surfactant  that was

intercalated tended  to be 1arge when  the grain size  of  the silica  spheres  was  small, while  the negative  layer

charge  ofthe  hectorite-like silicate  was  same  extcnt.

Key  words:  Colloidal silica. Heterogeneous nucleation,  Layered silicate, Cation-exchange, Sacrificial template
rnethod

INTRODUCTION

 The smectite  group of  layered clay  minerals  has been
extensively  studied  the most  widely  owing  to their cation

exchange  ability,  1arge surface  area,  and  chemical  and  thermal

stability  (Theng, 1974; van  Olphen, 1977; Bergaya et al.,

2006). The  potentials for synthesis  (Newmann and  Sansom,
1970; Tbrii and  Iwasaki, 1986; Nakazawa  et al,, 1992;

Ylimada et  al., 1994; 1995; [[bteyama et  al., 1996; Kloprogge
et aL, 1999; Carrado et al., 1991; 1993; 1997; Carrado, 2000;
Reinholdt et al., 2001; Ogawa  et al., 2008; 2009) and  surface

modification  (Lagaly, 1986; Mortlamd et al., 1986; Lagaly
and  Beneke; 1991; Ogawa  and  Kuroda, I997; [fakagi et  al.,

2006; Okada and  Ogawa, 2010; Park et  al., 2011; Okada

et al,, 2014) give smectites  and  their resulting  hybrids with

stmctural  and  compositional  versatility.  Cation-exchange

reactions  between  the  interlayer cations  and  organoammonium

ions are well  known, and  they are  used  in such  applications  as

modifying  surfaces,  producing hydrophobic and  mieroporous

inorganic-organic hybrids for the uptake  of  specific mole-

cules  (Barrer, 1989; Xu et al., 1997), producing controlled
release  materials, achieving  selective catalysis and  aehieving

.
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eMcient  photo-induced processes (Okada et  al,, 2012; Takagi

et  al,, 2013), On  the other  hand, the shapes  required  fbr the
applications  especially  in photolelectro-functional materials

have been produced  through the bottom-up selfassembly  of

the silicate layers using  optically transparent films (Ogawa
et  al., 1994; Sasai et al,, 2004; 1hlcagi et al., 2010; Kawamata
et al., 2010) fabricated through various  techniques  (including
depositing a smectite  suspension  on  a substrate, using  the

Langmuir-Blodgett technique to exfbliate  platelets (Inukai
et al,, 1994; Hotta et  al., 1997; Suzuki et  al., 20l2)) and  using

a layer-by-layer deposition technique  (Kleinfeld, E, R, ancl

Ferguson, 1994; Lvov, et al., 1996; Lotsch and  Ozin, 2008),

The  deposition of  the silicate  layers of  smeetites  on  different

particles using  an  alternating  adsorption  technique (Hickey
et al., 2011) has recently  been reported  as another  class of

multifunctional  materials  with  hierarchical hybridizations to

be produced,
  We  reported  the in situ crystallization of  a hectorite-like
layered silicate (abbreviated to Hect) with  the ideal formula

Li.(Mg6..Li.Sis02o(OH)4)'nH20 on  spherical  silica particles

(Okada et  al., 2012b; Okada  et  al., 2015), In that process the

silica particles were  partially consumed  through  hydrothermal
reactions  without  losing the silica  morphology,  and  the dis-
solved  silica  was  used  as  the  source  of  Hect. The  core-shell

hybridization is net  like the  papier mdiehe  method,  but the so-
called sacrificial template or  selftemplate  method,  and  it is
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possible to avoid  flakes fa11ing off the silica particles even  in
aqueous  media.  The monodisperse  core-shell particles (abbre-
viated  to Silica@Hect) produced  using  the sacrificial template
method  could  be used  as  host materials  andror  building units
in future separation,  sensor,  optics  and  electronic  applications

because the periodic arrangement  of  smectite  (or a related
layered solid)  particles with  defined shapes  is key to achieving

more  sophisticated  functional rnaterials (Ozin et al., 2009;
Ariga et al., 2012). Here, we  describe the effects ofthe  grain
size  of  initial spherical  silicas (O.2, O.6, and  1,O pm)  on  the
crystal  grewth  of  Hect  using  the sacrificial template method.
In addition, the effects ofthe  nature  ofthe  Li source  (LiF and
LiCl) in the starting  mixtures  are also discussed in this paper.

TABLE 1, Sample list in the present study.

 grain size  ofthe

spherical  silica [mmlceunter
 anien  of

 Li salt  used
sample  name

02O.6l.O F'Cl'F'Cl'F'C]'SilicaO.2@HectF

SilicaO.2@HectCl

SilicaO.6@HectF

Silicae.6@HectCl

Silical.O@HectF
Silical.O@HectCl

MAI]ERIALS  AND  METHODS.

Ml]terials

 Lithium fluoride, lithium chloride, magnesium  dichloride
hexahydrate, urea, and  dioctadecyldimethylammonium (ab-
breviated to 2C,,) bromide were  purchased from Wako  Pure

Chemical Ind., Ltd. Monodisperse spherical  silicas  with  the

grain sizes  of  O.2 pm  (HF-Silibol-S 200, Tbyama Chemical
Co., Ltd.), O.6 pm  (HPS-OSOO, Toagosei Co., Ltd,), and  1,O

"m  (KE-S100, Nippon Shokubai Co., Ltd.) were  used  as the
sources  ofHect.  All these  chemicals  were  used  without  further
purification.

Equipments'

 X-Ray powder difftaction (XRD) patterns were  obtained

by a Rigaku  RINT  2200VfPC  diff},actometer (rnonochrornatic
Cu Ka  radiation),  operated  at  20 mA,  40 kV  Therrnogravi-
metric-differential therrnal analysis  (TG-DTA) curves  were

recorcled on  a Rigaku TG8120 instrument at a heating rate  of

1O Kfmin and  using  a-alumina  as  the standard  material.  Scan-
ning  electron  micrographic  (SEM) images were  captured  on

Hitachi SU-8000  field-emission scanning  electron  microscope

(operated at  1 kV) after  dealing with  osmium  plasma  coating

to the samples.  Transmission electron  micrographic  (TEM)
observations  were  conducted  by using  Hitachi HighTech

HD-2300A  scanning  transmission electron  microscope.

RESULTS  AND  DISCUSSION

  fubrication ofSilicapmect core-shellparticles  using  dij1
.ferent grain siies  of the  spherical  silicas

  A  typical procedure was  reported  in the previous paper
(Okada, et  al., 2015). The  LiF:MgCl,:Si02:urea molar  ratio

in the  staning  mixture  was  O.21:O.8:8.0:8.0, where  the  layer

charge  density of  the resulting  Hect was  iow. Urea (2.16 g),
MgCli'6H,O  (O.73 g) and  LiF (O.024 g) were  dissolved

in water  (80 mL).  LiCl was  also  used  instead of  LiF. The
resulting  solution  was  mixed  with  an  aqueous  suspension  of

spherical  silica particles (2,16 g in 20 mL  of  water)  using  a

mechanical  homogenizer (at 4600 revolutions  per minute)  for
30 min  at  room  temperature.  The slurry was  transferred to a
[[lefion-lined autoclave  and  heated to 373 K  fbr 48 h. The auto-

clave  was  rotated  at 15 revolutions  per minute  using  a hydro-
thermal synthesis  reactor  unit  (Hiro Company)  during the
heat treatment.  The  slurry  was  then  cooled  in an  ice bath and
centrifuged  (at 1400  g for 20 min),  then  the precipitate was

collected  and  dried at  323 K. In the case  of  using  LiCl, the

precipitate was  washed  with  water  repeatedly  before drying.
In 1[lable 1, the sample  name  is summarized.

Cation-exchange reactions  of Silicaavect with  a  cationic

sutyZlctant

 2CiB bromide (15 mg)  in a mixture  ofwater  and  ethanol  (1O
mL,  50/50 vfv)  was  allowed  to react with  Silica@Hect (O,1 g)
by magnetic  stirring  at room  temperature for 1 day. The prod-
uct was  collected  by centrifugation  (1400 g fbr 20 rnin); this
was  fo11owed by  repeated  washing  with  the mixture  ofwater

and  ethanol  (50150 vfv).  Finally, the  washed  solid  was  dried at

323 K.

  Figure 1 shows  electron  microseope  images of  the SilicaX

@HectF (X - O.2, O.6, and  1.0) and  pristine spherical  silica

particles. The SilicaX@HectF samples  were  basically spheres.

The surfaces  of  the silica grains were  smooth  but the  surfaces

of  the  SilieaX@HectF samples  were  rough,  with  fine plate-
like panicles developing perpendicular to the  silica substrate

surfaces.  The surfaces  of  the  spherical  silica  grains were

thoroughly  and  homogeneously covered  with  the  fine plate-
like particles irrespective ofthe  grain size  ofthe  initial spheri-

cal  silicas.  This morphology  was  observed  in every  particle in

each  sample.

 The  powder XRD  patterns of  the SilicaX@HectF samples

(Fig. 2) showed  diffiraction peaks ascribed  to hectorite at 80

(2e Cu Ka) for (OOI), 350 (2e) for (130) and  61e (2e) for (060).
These difftactions are in accordance  with  those (Fig, 2) ofthe

hectorite-like layered silicate prepared using  silica sol, LiF
and  MgCl, at the same  hydrotherrnal condition  as reported

previously (Ogawa et  al., 2008). The  protrusions on  the

silica were  therefore  regarded  as  Hect crystals.  A  low-density

amorphous  substance  about  20 nm  thick  was  reported  to be

observed  between the silica  core  and  the layer aggregate  in the
Silical.O@HectF sample,  suggesting  that the Hect grew  from
the low-density substance  (Okada et  al., 2015).

 We  have assumed  that the layered silicate formed through
heterogeneous nucleation  on  the silica surface  in water

(Okada, et  al., 2012b; Okada, et  al., 2015). Hydroxyl ions
evolved  through the hydrolysis of  urea  would  yield both a
water-soluble  Mg-Li double hydroxide (or partial Mg(OH)2),
produced from  the Mg2'  and  Li' ions in the aqueous  medium,

and  silieate  anions  supplied  through  the  partial dissolution

of  the spherical  silica  panicles. These  substances  would  be
the sources  of  the nuclei. The layered silicate crystals would
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     SilicaO.2@HectF SilicaO.6@HectF Silical.O@HectF

F]G, 1. SEM  phetographs ofSilicaX@HectF  (X == O.6 and  l,e). TEM  image  ofSilicaO.2@.  HectF  samp[es  (bottom), and  their  pristine si]ica particles
   (top).
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Flc], 2. XRD  patterns for the  Si]icaX@HectF (X ==
 02, O.6 and  I.O)

   samples  and  the Hect,

have grown on  the silica surfaces  because cooling  caused  the

solution  to become supersaturated.  The stacked  layers would

readily  have bent and  partly grown towards the outside  of  the

silica surfaces  because of  the flexibility of  the silicate  layer,

The crystal  growth  led to protrusions fbrming on  the surfaces

as is shown  in the SEMfTEM  images (Fig. 1).

  The  grain size  distributions determined from  the SEMfTEM

observations  are  shown  in Fig. 3. The mean  sizes of  the

Silical.O@HectF and  SilicaO.6@HectF grains were  1,16 ±

O.02 and  O.66 ± O.03 pm,  respectivety, and  these were  slightly

larger than the silica  substrates  (1.00 ± O.02, and  O.59 ± O.04

pm). In the case  of  using  the si]ica spheres  with  O.2 pm  (O.19
± O.03 pm), the size  distribution became slight]y broad (O.19
± O.05 pm)  with  on]y  a  slight  increase. We  found few Hect
crystallites, which  is not bound on  the silica,  in each  case

because relatively high rate of  the heterogeneous nucleation

reaction  than homogeneous one.  In addition,  the silica parti-
cles partially dissolved from the  surface  without  defbnning its
sphere  morphology,  Therefore, the unifbrm  size distributions

of  the sample  particles were  provided even  after the hydro-

thermal reactions. The  increment upon  the reactions  tended  to

be small, when  the small  silica particles were  used,  reflecting

the surface  area  of  the starting silica.

  We  examined  the quantitative ion-exchange reactions

between the interlayer-exchangeable cations  in SilicaX@

HectF (X - O.2, O.6, and  1.0) and  a  cationic  surfactant,  2C,s.
An  exothermic  peak in the temperature  range  473-673  K in
each  DTA  curve  of  the 2C,,-intercalated products, and  this

peak  was  accompanied  by mass  loss in the corresponding  TG

curve  as  listed in Table 2. The  amount  of  2C,, adsorbed  was

determined, from the mass  loss measured,  to be O.11-O.19
mmoVg  (fable 2). The  amount  of  2C,, adsorbed  increased
as  the spherical  silica  size aclcled to the starting mixture  was

decreased.

  Figure 4 shows  the changes  in the XRD  patterns when  2C,s

exchange  occurred.  The  basal spacing  increased from  1.3rl.4
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FIG.3.Grain size  distributions of  (left) the pristine sphericar  silicas and  (right) the SilicaX@Hecdi (X =  O.2,O.6 and  1.0) samples.

TABLE 2. Summary ofthe  resu]ts  of  the tests in which  2C,s were  ad-

   sorbed  onto  SilieaX@Hecdi samples,

TG  results  on  2Cis-adsorbed samples

Sample Mass loss
  [%]

Amountadsorbed2Cis
    [mmollg]

Silical,O@HectF
SilicaO.6@HectF

SilicaO.2@Hecdi

5.87.79.3 O'.11O.16O.19

to 1.8-1.9 nm.  The interlayer space  was  determined by sub-

tracting the thickness of  the silicate  layer (1,O nm:  Grim, 1953)
from the observed  basal spacing,  A  methylene  group is O,4 nm
thick, therefbre the interlayer space  of  O.8-O.9 nm  indicated
that 2C,, arranged  in bimolecular layers. The  quantitative

exchange  of  alkylammonium  ions can  be used  to deterrnine
the negative-layer  charge  density in smectites  (Lagaly, 1986;

Lagaly and  Beneke, 1991; Ogawa, et  al., 2008; Okada,  et  al.,

2014). The  amount  of  intercalated alkylammonium  ions can
be deduced from changes  in the basal spacings  caused  by

the intercalating atkylarnmonium  ions, the  arrangement  as  a

function ofthe  layer charge  density and  the alkyl  chain  length,
It has been reported  that the 2C,s-intercalated smectites  with

their bimolecular layer arrangement  contain  O.5-O,6 mrnol  of

2Cis per gram  of  smectite  (Ogawa et  al., 2008). The layer
charge  density of  Hect is thought to be same  extent irrespec-
tive of  the size  of  the starting  silica  spheres.  Dividing the
arnount  of  2C,s adsorbed  in the core-shell  samples  (Table 2)

by that in Hect (O.5-O.6 mmol  of2C,,  per gram of  Hect), por-
tions of  the Hect immobilized on  the silicas were  estimated  to

be 18-22, 27-32  and  31-38%  in Siliea1.0@HectF, SilicaO.6@
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FiG. 6. XRD  patterns for the SilicaX@HectCl (X - O,2, O.6 and  1.0)
   samples.

HectF and  SilicaO.2@HectF. respectively. Enhancing the
heterogeneous nucleation  of  the Hect using  smaller  spherical

silica is a possible explanation  on  the observed  differences.

 The Hect crystallites were  extremely  fine when  LiCr was
used  instead of  LiF in the starting  mixture  as  shown  in the
SEM  image (SilicaX@HectCl: Fig. 5), because relatively

small  protrusions were  found on  the surface  ofeach  spherical

silica  used  (O.2, O.6 and  1.0 pm) compared  with  that in each
SilicaX@HectF  sample  (Fig. 1). A  difffaction peak that could

be ascribed  to the  (OOI) plane did not  appear  in the  LiCl sys-
tems  (Fig. 6), meaning  that the  Hect  grown in the  absence  of

fluoride was  poor crystalline,  especially  parallel to the  c-axis.

It was  difficult from  conventional  powder  XRD  measurernents

to evaluate  the  interlayer structural  changes  in the  LiCl system

when  the  intercalation occurred.

CONCLUSIONS

 The heterQgeneous nucleation  of  a fine Hect was  shown

te proceed on  monodispersed  spherical  silica  particles irre-

spective  of  their diameters of  O,2, O,6 and  1.0 prn when  the

particles reacted  hydrothermally with  MgCl, and  LiF andlor
LiCl in the  presence ofurea  at  373 K  in a rotating  Teflon-lined

autoclave.  The  negative-layer  charge  density, estimated  from

the result  of  2C,,-intercalation through  the cation  exchange,

was  O.5-O.6 mmoYg  of  Hect  in Silica@Hect samples  and

was  independent on  the grain size  of  the spherical  silica  in
the starting mixture  with  the LiF:MgCl,:SiO, molar  ratio of

O.21:O.8:8.0. The  amount  of  2C,s adsorbed  on  the core-shell

sample  tended to be large when  the grain size of  the silica
spheres  was  smarl.  Larger surface  area  of  the  starting  silica

particles is probably concerned  fbr proeeeding to the hetero-

geneous nucleation  with  larger amount  of  the Hect crystals.
The  present finding would  be important in geological interests

including a  process of  mineralization,  as  well  as  material's

applications.

ACKNOWLEDGMENT

 This work  was  financially supported  by JSPS KAKENHI

(Grant-in-Aid for Scientific Research, Grant 26810121), the
Cosmetology Research Foundation, and  by JGC-S Scholar-
ship Foundation.
                REFERENCES

ARiGA, K., L], Q., McSHANE,  M.J., Lvov, Y.M., VTNu, A., and  HiLL, J.P.

  (2012) Inorganic Nanoarchitectonics for Biologieal Applications.

  Chem, Mtiten, 24, 728-737.
BARRER,  R.M.  (1989) Shape-selective Sorbents Based  en  Clay Minerals:

  A  review.  Clays Clay vanen,37, 38S-395.
BERGAyA, F., THENG, B.K.G., and  LAGALy, G. (Eds,) (2006) Handbook

  of Clay Science aDevelopments in Ciay Science, lo1.IJ; Elsevier;
  Amsterdarn.
CARRADo, K.A., THTyAGARAjAN, P., and  WiNAtws, R.E. (1991) Hydrother-

  mal  Crysta]lization of  Porphyrin-Containing Layer  Si]icates. iitorg.

  Chem.,  30, 794-799.

CARRADo, K.A., FoRMAN, J.E., BoTTo, R,E., and  WrrgANs, R.E. (1993)
  Incerporation ofPhthalocyanines  by Catienic and  Anionic Clays via
  Ien Exchange and  Direct Synthcsis. CViem. Mliten, 5, 472-478.
CARRADo, K,A,, TH[yAGARAJAN, P., and  SoNG, K.A. (1997) Study of

  Organo-Hectorite Clay Crysta11ization. Ctay Mi'ner., 32, 29-40.
CARRADo, K.A. (2000) Synthetic Organo- and  Polymer-clays: Prepara-
  tion, Characterization, and  Materials Applications. 4prpL CIay Sci.,
  17, 1-23.
GRtM, R.E, (1953) CkvJ Mineraiogy; McGraw-Hil], p. 56.
HTcKEy, J., BuRKE, N.A.D.,  and  STOvER, H.D.H. (2011) Layer-by-layer
  Deposition of  Clay and  a Polycation to Control Diffusive Release

  from  Polyurea Microcapsules. J. Adlembn Sci., 369, 68-76,

Ho'rrA, Y/, TANtGucH[, M.,  INuKAi, K,, and  YAMAGisHi, A. (1997) Clay-

  modified  Electrodes Prepared by the Langrnuir-B]odgett Method.

  Clay  Miner., 32, 79-88.

INuKAI, K., HoTTA, Y., TANIGucH], M., ToMuRA,  S., and  YAMAGisH[, A.

  (1994) Formation  of  a Clay  Monolayer  at an  Air-Water  Interface. X

  Chem,  Sbc., Chem.  Commun,,  959-9S9.

KAwAMATA,  J., SuzuK[, Y, and  TENMA,  Y  (2010) Fabrication of  Clay

  Mineral-dye  Composites  as  Nonlinear  Optical Materials. Philos.

  MZrg,,90,2519-2527,

KLEiNFELD, E.R. and  FERGusoN,  G.S. (1994) Stepwise Formation  of

  Multilayered Nanostructural Films from Macromolecular Precursors.
  Science, 265, 37e-373.
KLopRoGGE, J,T., KoMARNENi, S., andAMoNET'rE,  J.E. (1999) Synthesis ef
  Smectite Clay Minerals: A  Critical Review.  Clays Clay  Ml'ner,, 47,

  529-S54.

LAGALy,  G. (1986) Interactien ofAlkylamines  with  Difrerent Types  of

  Layered  Compounds.  Sblid State fonies, 22, 43-5  1 .
LAGALM,  G. and  BENEKE, K. (1991) Intercalatien and  Exchange  Reactions

  of  Clay  Minerals and  Non-clay  Layer  Compounds.  Cblloid Polym,

  Sti.,269,1198-1211.

LoTscl･1, B.M  and  OzlN, G.A.  (2008) Clay Bragg  Stack Optical Sensors.

  Adu. Mbter, 20, 4079-4084.
Lvov, Y, ARiGA, K., IcHrNosE I,, and  KuN]TAKE, T. (1996) Ferrnation ef

  Ultrathin Multilayer and  Hydrated Gel from Mentmorillonite and

  Linear Polycations. Langmuir, 12, 3038-3044.
MoR'rLAND, M.M., SHAoBAI, S., and  BoyD,  S.A. (1986) Clay-erganic

  Cernplexes as  Adsorbents for Phenol and  Chlorophenols. Clays Clay
  Miner.34,581-585,
NAKAzAwn,  H., YAMADA,  H., and  FuJITA, T. (1992) Crystal Synthesis of

  Smectite Applying  Vlery High  Pressure and  Temperature. AJzpl. Ciay

  Sbi.,6,395-401.
NEwMANN,  B.S. and  SANsoM, K.G.  (1970) The  Formation  of  Stable Sols

  from  Laponite, A  Synthetie Hecterite-Like Clay. Clay swnen,  8,

  389-4e4,

OGAwA, M., TAKAHAsHi, M., KAro, C., and  KuRoDA, K. (1994) Oriented

  Microperous Film of  Tletrarnethylammonium Pillaredi Saponite. X
  Mlaten Chem., 4, S19-S23.

NII-Electionic  



The Clay Science Society of Japan

NII-Electronic Library Service

The  ClayScience  Society  of  Japan

Hbctorite on  sphericat silicapartictes 51

OGAwA, M.  and  KuRoDA,  K. (1997) Preparation of  Inorganic-organic

 Nanecomposite  Through  Intercalatien ofOrganoammonium  lons inte

  Layered  Silicate. Borll. Chem.  Soc. .ipn., 7e, 2593-2618.
OGAwn, M., MKrsu'ToMo, T., and  OKADA, T. (20D8) Preparation ef

  Hectorite-like Swelling Silicate with  Controlled Layer  Charge  Densi-

 ty. J Ceram. Soc. .ipn,,116, 1309-1313,

OGAwA, M., MrtTsuToMo,  T., and  OKADA,  T. (2009) Preparation of  Iron

  Containing Hectorite-like Swelling Silicate. Butl. C7tem, Soc, .ipn.,
  82,408-412.
OKADA, T., MKTsuToMo, T., and  OGAwn,  M.  (201O) Nanospace  Engineer-

  ing in Methylviologen  Medified  Hectorite-like Layered  Silicates with

  Varied Layer  Charge  Density for the Adserbents Design. X Pbys,

  Chem. C, 114, 539-545.
OKADA, T. and  OGAwA, M. (201 1) Organo-smectite Adsorbents; Designed

 Nanestmctures for Smart Adsorbents. Clay  Sti,, 15, 103-llO,

OKADA, T., IDE, Y., and  OGAwA,  M.  (2012a) Organic-inorganic Hybrids

  Based on  Ultrathin Oxide Layers -Designed Nanostructures for Me-
  lecular Recognition. CViem,-Asian J., 7, 19gO-1992.
OKADA, T., YosHIDo, S., MluRA,  H., YAMAKAMI,  T., SAKAI, T., AND  MISHTMA,

  S, (2el2b) Swellable Microsphere  of  a Layered  Silicate Produced

  by Using  Monodispersed  Silica Particles. X  PJtys. Chem.  C, 116,
  2186421869.
OKADA, T., SEKI, Y, and  OGAwn,  M.  (2014) Designed  Nanestructures of

  Clay for Centrolled Adsorption of  Organic Cempeunds.  J. Nanosci.

  Ndnotech.14,2121-2134.
OKADA, T., SuzuKi, A., YosHTDo, S., and  MrNAMIsAwn, M  H, (201S) Crys-

  tal Architectures of  a Layered Silicate en  Menodisperse  Spherical

  Silica Particles Cause the Tbpochernical Expansion  ofthe  Cere-shell

  Particles. A4)'croporous Mesoporous  MZiter., 215, 168-174.

OziN, G.A., Hou,  K.B,, LoTscH, M,  CADEMARTIRI, L., Puzzo, D  P.,

  ScoToGNELLA, F,, GHADiMi, A., and  THoMsoN,  J. (2009) Nanofabrica-

  tien by Selfassembly. Mat. Today, 12, I2-23.

PARK, Y/, AyoKo, G.A., and  FRosT, R.L. (2011) Application of  Organe-

  clays  for the Adsorption ef  Recalcitrant Organie  Molecules  from

  Aqueous Media. X Colioid ihtenj2ice Sci. , 3S4, 292-3e5 ,
RErrgHoLDT, M., MiEHE-BRENDLE, J., DELMoTTE, L., TviL]ER, M.-H.,  LE

  DRED, R., CoRTEs, R., and  FLANK, A,-M. (2001) Fluorine Route  Syn-

  thesis of  Montmerillonites Containing Mg  or  Zn  and  Characterization

  by XRD,  Thermal  Analysis, MAS  NMR,  and  EXAFS  Spectroscopy.

  Eux X inorg, enem., 2831-2841.

SAsAi, R., Iyi, N., FuJi]4, T., ARBELoA, L.F., MARTrrgEz, M.V,  TAKAGT,

 K., and  IToH, H, (2004) Luminescence  Preperties of  Rhedamine 6G

 Intercalated in SurfactantiClay Hybrid  Thin  Solid Films. Langmuir,

 2e,4715-4719.
SuzuKi, Yl, TENMA, Y,, N[sHtoKA, Y., and  KAwAMrm,  J. (2012) Erncient

 Nonlinear Optical Properties of  Dyes Confined in Interlayer Nano-

  spaces  ef  Clay Minerals. Chem.-ugsianX, 7, 1170-ll79.
TAKAGi, S,, EGucHi, M,, TRyK, D.A., and  INovE, H. (2006) Perphyrin

 Photochemistry in ]norganiclorganic Hybrid Materia]s: Clays,

  Layered  Semiconducters, Nanotubes, and  Mesoporous Materials. J

 Photoehem. Photobiol. C, 7, 104-126.
TAKAG], S,, SHIMADA, T,, MAsu], D,, TAcmBANA,  H., IsHIDA, Y., TRyK,

  D.A., and  INouE, H. (201O) Unique SolvatechrDmism ofa  Membrane

  Cornposed of  a  Cationic Porphyrin-Clay Complex. Langmuir, 26,
 4639-4641,
TAKAGI, S., SH]MADA, T., IsH[DA, Y., FuJIMuRA, T., MAsu], D., TAcHIBANA,

H., EGucHi, M., and  INouE, H. (2e13) Size-Matching Effect on Iner-

ganic Nanosheets: Control of  Distance, Alignment, and  Orientation
ofMolecular  Adsorption as  a Bottorn-Up Methoclology for Nanoma-
terials. Langmuir, 29, 21e8-2119.

TATEyAMA, H., TsuNEMArsu, K., NoMA, H., ADAcHi, Y, TAKEucHi, H., and

KoHyAMA, N. (r996) Formation ef  Expanclable Mica  from Talc Using

the Intercalation Procedure. J. Am. Ceram. Soc., 79, 3321-3324.
THENG, B.K.G.  (1974) 7Vte Chemistiy ofClay-Organie Reaetions, Adam

Hilger; Londen,

ToRII, K. and  IwnsAKi, T. (1986) Synthesis ofNew  Triectahedral Mg-

Smectite. Chem  Lett., 2021-2e22.
Xu, S,, SHENG, G., and  BoyD,  S.A. (1997) Use ef  Organiclays in Pollu-

 tion Abatement, Acfit Agron. , 59, 25-62,
YAMADA,  H., NAKAzAwA, H., and  HAsHIzuME, H. (1994) Formation of

  Smectite Crystals at High Pressures and  Temperatures, Clays Clay
  Mlr'ner.,42,674-678.

YAMADA,  H., NAKAzAwA, H., and  ITo, E. (1995) Ceoling Rate Dependen-

  cy  of  the Formation of  Smectite Crystals from a  High-Pressure and

  High-Tbmperature Hydrous MelL Ctays Ctay Miner,, 43, 693-696.

(Mlanuscript handied  by Shinsuke  thkagij

NII-Electionic  


