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ABSTRACT

Hybridization of cadmium selenide (CdSe) and layered inorganic solids was sucessfully
investigated by conventional reaction. The hybrids were characterized by powder X-ray diffraction,
thermal analysis, Fourier transmission infrared spectroscopy, transmission and scanning electron
microscopies, as well as Raman, UV-Vis and photoluminescence spectroscopies. The formation of
CdSe in the interlayer space of layered inorganic solids was confirmed by the spectroscopic
observations. The diffuse reflectance absorption spectra of the hybrids of CdSe in layered inorganic
solids (montmorillonite, magadiite, octosilicate and kanemite) showed the absorption onsets at 521-593
nm. By comparison with the bulk CdSe, the blue-shift of the absorption onset of the hybrids was
ascribed to the quantum sized effect of CdSe nanoparticles. The photoluminescence spectra of CdSe in
layered inorganic materials exhibited emission peaks at 536-565 nm. The round-shaped CdSe
nanoparticles with the sizes of 1.2-10 nm were uniformly distributed in between the silicate layers of

the hosts.

Keywords Hybrid material, cadmium selenide, montmorillonite, magadiite, octosilicate
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Two types of semiconductor particles, ZnS and CdS, were formed in the interlayer spaces of montmorillonite by
solid-solid reactions between Zn(II)- or Cd(II)-montmorillonite and Na,S at ambient temperature. The formation
of the intercalation compounds was confirmed by powder XRD, TG-DTA and TG-MS. The in situ formation of
ZnS and CdS nanoparticles in the interlayer spaces of montmorillonite was proved by UV-visible and
photoluminescence spectroscopy. The diffuse reflectance absorption spectra of ZnS and CdS-montmorillonites
exhibited the absorption onset at 345 and 541 nm, confirming the formation of ZnS and CdS nanoparticles
in the interlayer spaces. The ZnS or CdS luminescence band at 583 nm for ZnS-montmorillonite or 529 nm for
CdS-montmorillonite was weak due to the presence of quenching impurities in montmorillonite.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Intercalation is a method to construct functional low dimensional
nanohybrid materials and has attracted interests from a wide range of
scientific and industrial viewpoints (Whittingham, 1982; Ogawa,
2004). The possible ordered solids including the smectite group of
layered clay minerals exhibit rich inclusion chemistry such as large
specific surface area, swelling behavior, ion exchange and adsorption
for organizing a wide variety of organic and inorganic guest species
(Ogawa, 2004). Taking advantage of these characteristic features of
smectites, the constructions, properties and applications of modified
smectites have been extensively reported (Theng, 1974; Ogawa and
Kuroda, 1995, 1997). The solid-solid reaction is one of the most
suitable techniques to intercalate organic and inorganic guest species
into the interlayer spaces of smectites. The surface modification of
clay minerals with solid-state intercalation of both nonionic and
cationic organic species have been described (Ogawa et al., 1989,
1990a,b, 1991, 1992a,b,c; Bujdak and Slosiarikova, 1992). We have
incorporated metal complexes into the interlayer spaces of smectites
by solid-state intercalation of organic ligands and in situ complex
formation at room temperature. Intercalation of 2,2’-bipyridine
(Ogawa et al., 1991), 4,4’-bipyridine and 1,2-di(4-pyridine)ethylene
(Khaorapapong et al., 2000, 2001), thioacetamide (Khaorapapong et
al,, 2002a), Na,S (Khaorapapong et al., 2008a,b, 2009) and 8-
hydroxyquinoline (Khaorapapong et al., 2002b; Khaorapapong and

* Corresponding author.Tel.: +66 43 202222 41x12370 2; fax: +66 43 202373.
E-mail address: nithima@kku.ac.th (N. Khaorapapong).

0169-1317/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.clay.2010.06.013

Ogawa, 2007, 2008) in smectites via solid-solid reactions and in situ
formation has been reported.

The present paper deals with the formation of zinc sulfide and
cadmium sulfide in the interlayer spaces of montmorillonite. Metal
chalcogenides have gained increasing interest in the field of devices
due to their size-dependent properties and great potential in the
applications for optoelectronic devices such as solar cells, nonlinear
optical devices, electroluminescent materials and so on (Henglein et
al.,, 1986; Chin et al., 2001). Metal sulfide thin films have been
prepared using various chemical methods for high efficiency devices
(Su and Choy, 2000; Chavhan and Sharma, 2005; Ozniiliier et al.,
2006). The processing of the thin film, which is an ideal morphology
for the optical applications, is not so simple that may result in less
ordered films with low optical quality. The immobilization of metal
sulfides in the restricted spaces including the interlayer spaces of
smectites is attractive. The incorporation of metal sulfides into porous
Vycor glass (Kuczynski and Thomas, 1985), mesoporous silicas (Hirai
et al., 1999; Zhang et al., 2001), zeolites (Herron et al., 1989; Liu and
Thomas, 1989), clay materials (Stramel et al., 1986; Katov et al., 1993),
and polymers (Hirai et al., 2001; Antolini et al., 2005) and their optical
properties have been reported so far. In our previous study, we
prepared CdS in montmorillonite and reported the optical properties
(Khaorapapong et al., 2008a). Nevertheless, the size and shape of the
immobilized nanoparticles are not understood very well, and its
solubility has never been studied yet. Therefore, further studies on the
morphology and solubility are worth investigating.

Because the formation of metal sulfides in two dimensional layered
materials may exhibit unique and enhanced properties, we report the
intercalation of ZnS into the interlayer spaces of montmorillonite by solid—
solid reactions and in situ formation between Zn(Il)-montmorillonite and


http://dx.doi.org/10.1016/j.clay.2010.06.013
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Na,S molecule at room temperature, morphology, and solubility in com-
parison with CdS-montmorillonite.

2. Experimental
2.1. Materials

Sodium montmorillonite (Kunipia F, Kunimine Industries Co., Ltd.,
the reference clay sample of the Clay Science Society of Japan) was
used as a host material. The cation exchange capacity (CEC) of
montmorillonite was 1.19 meq/g. Na,S-xH,0 (analytical grade) was
obtained from Aldrich Co., Ltd. Zinc and cadmium chlorides supplied
by Carlo Erba Agenti SpA, are also of analytical grade and used without
further purification.

2.2. Solid-solid reactions of Na,S with Zn(Il)- and Cd(II)-montmorillonites

Zn(II)- and Cd(II)-montmorillonites were prepared by conventional
ion exchange reactions in which an aqueous dispersion of montmoril-
lonite was mixed with an aqueous solution of appropriate metal
chloride, and the mixture was allowed to react for 1 day. After the ion
exchange, the resulting solids were washed repeatedly with deionized
water until the AgNOs test was negative. The samples were obtained
and dried at 40 °C for 3 days. The amounts of the adsorbed cations were
determined by inductively coupled plasma optical emission spectros-
copy (ICP-OES) to confirm quantitative cation exchange. The amounts
of exchanged cations were 1.15 and 1.09 meq/g of clay for Zn(II)- and
Cd(II)-montmorillonites.

The reactions of Na,S with Zn(Il)- and Cd(Il)-montmorillonites
were carried out by solid-solid reactions as described before (Ogawa
et al, 1991; Khaorapapong et al, 2000, 2001, 2002a,b, 2008a,b,
2009; Khaorapapong and Ogawa, 2007, 2008). The mixture of Zn(II)-
or Cd(Il)-montmorillonite and crystalline Na,S-xH,O was ground
manually with a pestle and an agate mortar at room temperature for
10-15 min. The molar ratio of sulfide ions to the interlayer cations of
montmorillonite was 1:1.

2.3. Characterization

Powder X-ray diffraction data were collected on a Bruker D8
ADVANCE diffractometer using monochromatic CuKa radiation. TEM
images were taken on a JEOLJEM-2010 transition electron microscope
with an accelerating voltage of 200 kV. Raman spectra were measured
on a Jobin Yvon T64000 System Raman spectrometer with a 30 mW
argon ion laser operating at 514 nm for excitation. Infrared spectra of
the products were recorded on a Perkin Elmer Spectrum One FT-IR
spectrophotometer by KBr disk method. Diffuse reflectance spectra of
the solid samples were recorded on a Shimadzu UV-VIS-NIR-3101PC
scanning spectrophotometer using an integrated sphere. TG-DTA
curves were obtained on a Perkin Elmer Pyris Diamond TG-DTA
instrument at a heating rate of 10 °C min~— ! under a dry air flow using
a-alumina (a-Al,03) as a standard material. Thermogravimetric-
mass spectroscopy analysis was performed on a Rigaku ThermoMass
thermogravimetric-mass spectrometer (TG-DTA-MS) at a heating
rate of 10 °C min™~ ! under He flow. Inductively coupled plasma optical
emission spectroscopic data were measured on a Perkin Elmer Optima
2100DV ICP-OES. Luminescence spectra were recorded on a Shimadzu
RF-5301PC spectrofluorophotometer in the wavelength range of
300-900 nm with excitation at 320 nm.

3. Results and discussion
3.1. Reactions of Na,S with Zn(II)- and Cd(Il)-montmorillonites

By the solid-solid reactions between Zn(II)-montmorillonite or
Cd(11)-montmorillonite and Na,S at the molar ratio of 1:1 (Zn®*or

Cd?*:527), the color (gray) and the basal spacings (d =1.54 nm for
Zn(II)-montmorillonite and d =1.49 nm for Cd(Il)-montmorillon-
ite) of the hydrated montmorillonites changed as shown in Table 1.
The intercalation compounds were designated as Zn-montmorillon-
ite-Na,S and Cd-montmorillonite-Na,S. The powder XRD pattern
of Zn-montmorillonite-Na,S is shown in Fig. 1 together with that
of Zn(Il)-montmorillonite. After the solid-solid reactions, the basal
spacing of Zn-montmorillonite-Na,S (Fig. 1b) was increased to
1.51 nm and that of Cd-montmorillonite-Na,S to 1.53 nm (Table 1).
The X-ray diffraction pattern of Na,S powder was also measured
(not shown) and strong reflections located atd =0.19, 0.30, 0.31 and
0.93 nm were observed. The expansions of the interlayer spaces
were determined to be 0.55 nm for Zn-montmorillonite-Na,S and
0.57 nm for Cd-montmorillonite-Na,S by subtracting the thickness
of the silicate layer (0.96 nm) from the observed basal spacings.
When the loading amounts of sulfide ion were increased (Zn?"or
Cd?*:S?~ was 1:2), the basal spacings did not increase further and
the reflections due to the unreacted Na,S were detected in the X-ray
diffraction patterns of the reacted products. The XRD patterns of
Zn(II)-montmorillonite (Fig. 1c) and Cd(II)-montmorillonite (not
shown) exhibited the basal spacings of ca. 1.5 nm, corresponding
to bilayers of water molecules between the silicate layers (Clementz
etal., 1973). The observed basal spacings were very similar to those
obtained for the intercalation compounds, indicating that the
intercalation of Na,S as well as the formation of metal sulfide did
not affect the basal spacings, the color of Zn(II)-montmorillonite and
Cd(II)-montmorillonite due to the hydrated interlayer metal ions
changed by the solid-solid reactions, suggesting the changes in the
coordination states of the Zn(II) and Cd(II) interlayer cations.

The intercalation compounds were heated at 200 °C for 1h in
air atmosphere. The observed basal spacing of the heated Zn-
montmorillonite-Na,S was 1.23 nm (Fig. 1a), of the heated Cd-
montmorillonite-Na,S 1.24 nm (Table 1), corresponding to the expan-
sions of the interlayer spaces of 0.27 and 0.28 nm, respectively. The
decrease of the basal spacings was attributed to the loss of the adsorbed
as well as coordinated water molecules. We reported that the
interlamellar distances of MnS- and NiS-montmorillonites were 0.31
and 0.32 nm (Khaorapapong et al., 2009). The expansion of the basal
spacings of the heated intercalation compounds indicated the formation
of ZnS or CdS with a particle height of ca. 0.3 nm. The crystal structure of
the metal sulfides intercalated in montmorillonite is still difficult to be
elucidated. Further investigation is necessary to clarify.

Table 1
Changes in basal spacings (d), colors, emission bands and intensities of Zn-
montmorillonite-Na,S and Cd-montmorillonite-Na,S and those after heating.

Samples Heating Basal spacing  Color Nemiss  Intensity
temperature  (dgp;, NM) (nm)
Q)
Zn-montmorillonite ~ RT? 1.54 Gray - -
Zn-montmorillonite- RT 1.51 Pale 583 41.2
Na,S 200 1.23 White 583 36.9
400 1.22 Pale 576 12
brown
600 0.97 Bright ND” ND
brown
800 - Bright ND ND
brown
Cd-montmorillonite ~ RT 1.49 Gray - -
Cd-montmorillonite- RT 1.53 Bright 529 13
Na,S yellow
200 1.24 Yellow 524 14
400 1.22 Yellow 522 27
600 0.96 Yellow 523 28
800 0.96 Bright 519 8.5

brown

¢ Room temperature.
° Not detected.
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Fig. 1. XRD patterns of (a) Zn-montmorillonite-Na,S (200 °C), (b) Zn-montmorillonite-
Na,S and (c) Zn(II)-montmorillonite.

When the two products were heated at 400 °C for 1 h in air, the
basal spacings of the heated products (Table 1) were almost at the
same (ca. 1.2 nm). The color of Zn-montmorillonite-Na,S slightly
changed from white to pale brown, while that of Cd-montmorillonite-
Na,S (yellow) did not significantly change, indicating the changes in
the surrounding environments and/or crystal structures of the inter-
calated metal sulfides. After heating at 600 °C, the interlayer space of
Zn-montmorillonite-Na,S (ca. 1.2 nm) collapsed, revealing the dgg; of
the dehydrated montmorillonite (ca. 1.0 nm) together with the new
reflections located at around 48 and 58 (26/degree) due to zinc blende
ZnS (JCPDS 05-0566). The change of the basal spacings of the heated
Cd-montmorillonite-Na,S was previously discussed in our report
(Khaorapapong et al., 2008a).

After heating at 800 °C, the intensity of the 001 reflection with
d = ca. 1.0 nm of Zn-montmorillonite-Na,S disappeared, while that of
Cd-montmorillonite-Na,S decreased. The observed X-ray diffraction
pattern indicated the collapse of the silicate layers due to the
dehydroxylation of structural OH group. The reflections due to the
deintercalated ZnS particles were absent, suggesting their decompo-
sition. The FT-IR spectrum of the heated Zn-montmorillonite-Na,S (at
800 °C) did not show any absorption bands characteristic of the
hydroxyl stretching and bending vibrations at around 3616 and
916 cm™ !, confirming the dehydroxylation of the silicate layers
(Tyagi et al., 2006). These observations were consistent with the
thermogravimetric-mass analysis mentioned later.

Transmission electron micrographs of Zn-montmorillonite-Na,S
(at 200 °C) and Cd-montmorillonite-Na,S (at 200 °C) are shown in
Fig. 2. The images presented the immobilized ZnS or CdS nanopar-
ticles (darker contrast), which were covered with thin films of the
silicate layers (lighter contrast). Round shaped ZnS particles with an
average size of ca. 2-7 nm and of CdS particles with 6-10 nm were
well dispersed in the interlayer spaces of montmorillonite. The darker
images of ZnS and CdS particles were probably due to overlapped
particles and/or the formation of the metal sulfides on the external
surface of montmorillonite. Taking the expansions of the interlayer
spaces of the heated products (ca. 0.3 nm) into account, intercalated
ZnS or CdS single particles probably were disk- or plate-shaped
particles with a thickness of ca. 0.3 nm and a diameter of ca. 2-7 nm

Fig. 2. TEM images of (a) Zn-montmorillonite-Na,S (200 °C), and (b) Cd-montmorillonite-
Na,S (200 °C).

for ZnS and ca. 6-10 nm for CdS where the disk or plate plane was
oriented parallel to the silicate layer.

The Raman spectrum of the heated Zn-montmorillonite-Na,S
(at 200 °C) (Fig. 3a) revealed the characteristic bands of ZnS at 304
and 604cm~! and that of the heated Cd-montmorillonite-Na,S
showed the bands at 304 and 608 cm~' (Fig. 3b), which were
ascribed to the 1LO and 2LO of CdS, respectively (Xu et al., 2002; Cao
et al.,, 2006). The transverse optical phonon (TO), the first-harmonic
longitudinal optical phonon (1LO), the second-harmonic longitudinal
optical phonon (2LO) and the forth-harmonic longitudinal optical
phonon (4L0) of ZnS were observed at 261, 335,671,and 1336 cm ™},
respectively (Zhang et al., 2006). The surface optical phonon (SO) of
ZnS quantum dots embedded in a behenic acid was observed at
316 cm™ ! and no LO or TO confined optical phonons was seen in the
Raman spectrum (Milekhin et al., 2002). The Raman spectrum of ZnS
nanoparticles with air as the dielectric media exhibited 10 lines
including the 1SO and 2SO bands at 322 and 611 cm™ !, respectively
(Abdulkhadar and Thomas, 1995). The Raman bands observed for the
present samples supported the formation of ZnS and CdS particles in
montmorillonite. The absence of the confined modes in the Raman
spectrum was presumably due to the small size of the ZnS particles
(Abdulkhadar and Thomas, 1995), while the vibration modes of ZnS in
montmorillonite are still difficult to discuss at the present stage.


image of Fig.�2

22 N. Khaorapapong et al. / Applied Clay Science 50 (2010) 19-24

Fig. 3. Raman spectra of (a) Zn-montmorillonite-Na,S (200 °C), and (b) Cd-montmorillonite-
Na,S (200 °C).

The TG-DTA curves of Zn-montmorillonite-Na,S are shown in
Fig. 4 together with those of Zn(II)-montmorillonite and Na,S. The
endothermic peaks due to melting and vaporization of Na,S crystals at
around 52,91 and 194 °C (Fig. 4f) were absent in the DTA curve of Zn-
montmorillonite-Na,S (Fig. 4e), confirming that the unreacted Na,S
crystals were absent. In the TG curve of Zn-montmorillonite-Na,S
(Fig. 4b), three steps of mass losses were observed. The initial mass
loss was observed between room temperature and 200 °C, which
accompanied the endothermic peak at around 76 °C in the
corresponding DTA curve and it was ascribed to the desorption of
the adsorbed and coordinated water molecules (Guggenheim and van
Groos, 2001). The TG-MS analysis (He flow) of Zn-montmorillonite-

Fig. 4. TG-DTA curves of (a and d) Zn(Il)-montmorillonite, (b and e) Zn-montmorillonite-
Na,S, and (c and f) Na,S.

Na,S indicated that the gas evolved at around 76 °C was water. The
second mass loss of Zn-montmorillonite-Na,S at 200-580 °C (Fig. 4b)
was interpreted as the partial decomposition of ZnS and the dehydration
of the retained water in the interlayer spaces (Guggenheim and van
Groos, 2001). The desorption of water in this temperature range
was also reported for Cd-montmorillonite-Na,S (Khaorapapong et al.,
2008a). The mass spectra observed at around 285 and 565 °C showed
the peak (m/z=64) due to the evolution of sulfur dioxide. It was
reported that ZnS:Mn nanoparticles were unstable above 200 °C (Mu et
al., 2005). In the DTG curve of Zn-montmorillonite-Na,S (not shown),
the last mass loss between 580 and 875 °C showed the two steps,
confirming the decomposition of the retained ZnS and dehydroxylation
of structural OH groups of montmorillonite. On the other hand, in the
DTG curve of Zn-montmorillonite, the last mass loss between 550 and
760 °Coccurred in one step, indicating the dehydroxylation of structural
hydroxyl groups of montmorillonite (Guggenheim and van Groos,
2001). The TG-MS data also confirmed that the gas evolved at around
300, 410 and 640 °C was water. Similar TG-DTG-DTA curves were
observed for Cd-montmorillonite-Na,S (Khaorapapong et al., 2008a),
confirming the formation of ZnS and CdS in the interlayer spaces of
montmorillonite.

3.2. In situ formation and optical properties of zinc sulfide and cadmium
sulfide

The diffuse reflectance spectra of Zn-montmorillonite-Na,S and
Cd-montmorillonite-Na,S are shown in Fig. 5 together with those of
montmorillonite and Na,S. The absorption spectrum of ZnS in
montmorillonite (Fig. 5a) showed the onset at 345 nm, while the
absorption onset of CdS in montmorillonite was observed at 541 nm
(Fig. 5b). The absorption onsets were not observed for the absorption
spectra of the starting materials (montmorillonite and Na,S; Fig. 5¢
and d). The absorption spectra of CdS and ZnS nanoparticles formed
in the presence of organomontmorillonite, exhibited the onsets at
around 480-525nm and 337-410 nm (Dékany et al., 1995). The
absorption edges of CdS-SiO, in ethanol-cyclohexane solution
were observed at 455-500 nm, and those of CdS-SiO, and ZnS-SiO,
in methanol-cyclohexane solution appeared at 495-507 nm and
311-320 nm (Dékéany et al., 1996, 1997). The sharp bands of ZnS

Fig. 5. Diffuse reflectance absorption spectra of (a) Zn-montmorillonite-Na,S, (b) Cd-
montmorillonite-Na,S, (c) montmorillonite, and (d) Na,S.
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and CdS nano/microspheres exhibited the absorption onsets at 298
and 448 nm, respectively (Deng et al.,, 2006). The ZnS and CdS
powders showed the reflection edges at around 300 and 460 nm (Zhu
et al., 2001). These observations clearly confirmed the formation of
ZnS and CdS in the interlayer spaces of montmorillonite, which was
consistent with the photoluminescence spectra described below.

The photoluminescence spectrum of Zn-montmorillonite-Na,S
(Fig. 6a) showed the luminescence peak at 583 nm. The photolumi-
nescence bands of Mn?*-activated ZnS nanocrystals (in which the
Mn?* ions were distributed outside the ZnS nanocrystals) appeared at
around 350 nm and that of Mn?"-doped ZnS nanocrystals (in which
the Mn?* ions were incorporated) were observed at around 435 and
585 nm (Sooklal et al., 1996). The orange emission centered at
583 nm arose from the incorporation of trace amounts of Mn?" in the
ZnS crystal lattice (Becker and Bard, 1983). Because the Mn?* ions
(ca. 0.1%, determined by ICP-OES) was probably involved as an
impurity in montmorillonite, the PL band of Zn-montmorillonite-Na,S
(583 nm) can be ascribed to the formation of Mn?*-incorporated ZnS
particles in the interlayer space, though further detailed character-
ization is required to claim this possibility.

The emission band of Cd-montmorillonite-Na,S was observed at
529 nm (Fig. 6b). The luminescence spectrum of montmorillonite was
also measured (not shown) and the peak appeared at 471 nm. The
photoluminescence spectra of CdS on Laponite showed the emission
peaks at 450-580 nm (Stramel et al., 1986). The luminescence spectra
of CdS-organomontmorillonite complexes showed the emission
maxima in the 500-600 nm regions (Katov et al., 1993). Consequent-
ly, the luminescence band observed for the present Cd-montmoril-
lonite-Na,S can be attributed to the formation of CdS particles in the
interlayer spaces of montmorillonite. The weak photoluminescence
spectra with the emission maxima of 583 nm for ZnS-montmorillonite
and 529 nm for CdS-montmorillonite confirmed that the impurities
such as iron ions quenched the luminescence of ZnS and CdS particles
in montmorillonite (Ogawa and Kuroda, 1995).

Further changes in the absorption and photoluminescence spectra of
the products by heating at different temperatures were measured to
estimate the thermal stability of the intercalated products at 200,
400, 600 and 800 °C. The absorption spectrum of the heated ZnS-
montmorillonite (not shown) showed the onset at 341-371 nm. With

Fig. 6. Photoluminescence spectra of (a) Zn-montmorillonite-Na,S, and (b) Cd-
montmorillonite-Na,S.

the increase of the heating temperature up to 400 °C, the absorption
spectra of ZnS-montmorillonite slightly shifted toward the longer
wavelength region, showing the growth of ZnS particles in the interlayer
space (Wadaetal,, 2001). When the heating temperature was increased
to 600-800 °C, the ZnS particles were damaged. The luminescence
bands and intensity of the heated products are summarized in Table 1.
The luminescence intensity of the heated ZnS-montmorillonite was
decreased with increasing temperature up to 400 °C. The slight decrease
of the PL intensity was observed for the heated ZnS-montmorillonite
heated to 200 °C, suggesting the release of Mn?>" ions from the ZnS
structure (Mu et al.,, 2005). A further decrease in the intensity was
observed for the sample heated at 400 °C, confirming the dehydration
and partial evaporation of sulfur from ZnS particles. Above 600 °C, the
emission peak of ZnS-montmorillonite disappeared, supporting the
decomposition of the retained ZnS in the interlayer space.

The heated CdS-montmorillonite showed the absorption onset at
528-539 nm (not shown). The onset of CdS-montmorillonite slightly
shifted toward a shorter wavelength region by the heat treatment at
200 and 400 °C, suggesting the presence of smaller particles of CdS
(Khaorapapong et al., 2008a). After heating at 600-800 °C, the
absorption onsets did not reveal a further change of the particle size
of CdS. On the other hand, the luminescence intensity of CdS-
montmorillonite was slightly increased by heating at 200, 400 and
600 °C, suggesting changes in the surrounding environment of the
adsorbed CdS including the removal of water molecules from the
interlayer space (Arnaud and Georges, 2003) and/or the decrease of
the particle size of CdS (Loukanov et al., 2004) confirmed by the blue
shift in the diffuse reflectance absorption spectra. On the heating to
800 °C, the luminescence intensity was decreased due to the
deintercalation and decomposition of CdS. The luminescence bands
of all the heated CdS-montmorillonites were almost pinned at the
same wavelength (519-524 nm), only the intensities changed
(Table 1), indicating the change of the particle size of CdS (Wada et
al., 2001). Consequently, the temperature was found to play a key role
in the size and stability of ZnS and CdS particles formed in the
interlayer spaces of montmorillonite.

Because the metal sulfide-montmorillonite hybrids were prepared
in solid-state, the removal of metal sulfide nanoparticles from the
hybrids is worth investigating. Therefore, as-prepared and heated (at
200 °C) Zn-montmorillonite-Na,S, and as-prepared and heated (at
200 °C) Cd-montmorillonite-Na,S were magnetically stirred in water-
ethanol for 1 h and centrifugated to separate the solid material. The
absorption spectra of the four supernatants were obtained. The
samples did not clearly show any significant peak due to ZnS or CdS
nanoparticles. No emission band owing to ZnS or CdS was observed in
the supernatants of the as-prepared Zn-montmorillonite-Na,S and Cd-
montmorillonite-Na,S, and the heated Cd-montmorillonite-Na,S. On
the other hand, weak emission bands located at 416 and 431 nm were
observed for the supernatant of the as-prepared Zn-montmorillonite-
Na,S. The emission spectrum of the dispersed montmorillonite in
water/ethanol solution was also measured and the emission peak was
observed at 416 nm. The photoluminescence spectrum of dispersed
ZnS in methanol solution showed an emission band at 435 nm (Sooklal
et al., 1996). The luminescence band of colloidal ZnS appeared at
418 nm (Becker and Bard, 1983). Therefore, the emission band of the
supernatant of the heated Zn-montmorillonite-Na,S observed at
431 nm confirmed the dispersion of free ZnS nanoparticles in the
solution. Since the emission intensity was very weak, we thought that
only small amounts of ZnS nanoparticles were removed from the
interlayer space. This observation indicated the stability of the ZnS and
CdS particles in montmorillonite.

4. Conclusions

The formation of zinc sulfide and cadmium sulfide nanoparticles in
the interlayer spaces of montmorillonite has been investigated by
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solid-solid reactions and in situ formation of Zn(II)- and Cd(II)-
montmorillonites with Na,S-xH,0. The absorption and luminescence
bands showed the formation of zinc sulfide and cadmium sulfide. The
wavelengths of the absorption bands varied compared to the isolated
particles, indicating the change in size and size distribution of the
intercalated species. The PL spectra of zinc sulfide and cadmium sulfide
in montmorillonite showed the weak luminescence peaks at 583 and
529 nm, respectively, supporting the quenching impurities such as iron
in montmorillonite. Formation of metal sulfides including ZnS and CdS
in the constrained environments may lead to novel phase structures,
size and size distribution, and photochemical and photophysical prop-
erties. The solid-solid reactions and in situ formation in the interlayer
spaces of layered host materials are a promising way to fabricate metal
chalcogenide layered silicate nanohybrids.

Acknowledgements

The authors appreciate the kind assistance of Mr. Akira Hachihama
(Rigaku Co., Ltd. Japan) for performing TG-DTA-MS analysis. This
project was financially supported by the Thailand Research Fund (TRF)
and Khon Kaen University (grant no. DBG5380004 ), and the Center of
Excellence for Innovation in Chemistry (PERCH-CIC), Commission on
Higher Education, Ministry of Education, Thailand.

References

Abdulkhadar, M., Thomas, B., 1995. Study of Raman spectra of nanoparticles of CdS and
ZnS. Nanostruct. Mater. 5, 289-298.

Antolini, F.,, Pentimalli, M., Di Luccio, T., Terzi, R., Schioppa, M., Re, M., Mirenghi, L., Tapfer, L.,
2005. Structural characterization of CdS nanoparticles grown in polystyrene matrix by
thermolytic synthesis. Mater. Lett. 59, 3181-3187.

Arnaud, N., Georges, J., 2003. Comprehensive study of the luminescent properties and
lifetimes of Eu>* and Tb>* chelated with various ligands in aqueous solutions:
Influence of the synergic agent, the surfactant and the energy level of the ligand
triplet. Spectrochim. Acta A 59, 1829-1840.

Becker, W.G., Bard, A.J., 1983. Photoluminescence and photoinduced oxygen adsorption
of colloidal zinc sulfide dispersions. J. Phys. Chem. 87, 4888-4893.

Bujddk, ]., Slosiarikovd, H., 1992. The reaction of montmorillonite with octadecylamine
in solid and melted state. Appl. Clay Sci. 7, 263-269.

Cao, H., Wang, G., Zhang, S., Zhang, X., Rabinovich, D., 2006. Growth and optical
properties of wurtzite-type CdS nanocrystals. Inorg. Chem. 45, 5103-5108.

Chavhan, S., Sharma, R.P., 2005. Growth, structural and optical transport properties of
nanocrystal Zn, _,CdS thin films deposited by solution growth technique (SGT) for
photosensor applications. J. Phys. Chem. Solids 66, 1721-1726.

Chin, A.H., Calderén, 0.G., Kono, J., 2001. Extreme midinfrared nonlinear optics in
semiconductors. Phys. Rev. Lett. 86, 3292-3295.

Clementz, D.M., Pinnavaia, TJ., Mortland, M.M., 1973. Stereochemistry of hydrate
copper(ll) ions on the interlamellar surface of layer silicates. An electron spin
resonance study. J. Phys. Chem. B 101, 7786-7793.

Dékany, 1., Turi, L., Tombdcz, E., Fendler, ].H., 1995. Preparation of size-quantized CdS
and ZnS particles in nanophase reactors provided by binary liquids adsorbed at
layered silicates. Langmuir 11, 2285-2292.

Dékany, 1., Nagy, L., Ttri, L., Kirdly, Z., Katov, N.A., Fendler, ].H., 1996. Preparation and
characterization of CdS and ZnS particles in nanophase reactors provided by binary
liquids adsorbed at colloidal silica particles. Langmuir 12, 3709-3715.

Dékany, I, Turi, L., Galbcs, G., Fendler, ].H., 1997. The effect of cadmium ion adsorption
on the growth of CdS nanoparticles at colloidal silica particle interfaces in binary
liquids. J. Colloid Interface Sci. 195, 307-315.

Deng, H., Chen, C,, Peng, Q., Li, Y., 2006. Formation of transition-metal sulfide microspheres
or microtubes. Mater. Chem. Phys. 100, 224-229.

Guggenheim, S., van Groos, A.F.K, 2001. Baseline studies of the Clay Minerals Society
source clays: thermal analysis. Clays Clay Miner. 49, 433-443.

Henglein, A., Kumar, A., Janata, E., Weller, H., 1986. Photochemistry and radiation
chemistry of semiconductor colloids: reaction of the hydrated electron with CdS
and non-linear optical effects. Chem. Phys. Lett. 132, 133-136.

Herron, N., Wang, Y., Eddy, M.M., Stucky, G.D., Cox, D.E., Moller, K., Bein, T., 1989.
Structure and optical properties of CdS supercluters in zeolite hosts. J. Am. Chem.
Soc. 111, 530-540.

Hirai, T., Okubo, H., Komasawa, ., 1999. Size-selective incorporation of CdS
nanoparticles into mesoporous silica. J. Phys. Chem. B 103, 4228-4230.

Hirai, T., Saito, T., Komasawa, I., 2001. Stabilization of CdS nanoparticles immobilized on
thiol-modified polystyrene particles by encapsulation with polythiourethane.
J. Phys. Chem. B 105, 9711-9714.

Katov, N.A,, Putyera, K., Fendler, ].H., Tombdcz, E., Dékany, 1., 1993. Cadmium sulfide
particles in organomontmorillonite complexes. Colloids Surf. A 71, 317-326.

Khaorapapong, N., Ogawa, M., 2007. Solid state intercalation of 8-hydroxyquinoline
into Li(I)-, Zn(II)- and Mn(Il)-montmorillonites. Appl. Clay Sci. 35, 31-38.

Khaorapapong, N., Ogawa, M., 2008. In situ formation of bis(8-hydroxyquinoline) zinc(II)
complex in the interlayer spaces of smectites by solid-solid reactions. J. Phys. Chem.
Solids 69, 941-948.

Khaorapapong, N., Kuroda, K., Hashizume, H., Ogawa, M., 2000. Solid state intercalation
of 4,4’-bipyridine into the interlayer space of montmorillonites. Mol. Cryst. Liq.
Cryst. 341, 351-356.

Khaorapapong, N., Kuroda, K., Hashizume, H., Ogawa, M., 2001. Solid-state intercalation
of 4,4'-bipyridine and 1,2-di(4-pyridine)ethylene into the interlayer spaces of Co(1I)-,
Ni(II)-, and Cu(II)-montmorillonites. Appl. Clay Sci. 19, 69-76.

Khaorapapong, N., Kuroda, K., Ogawa, M., 2002a. Incorporation of thioacetamide into the
interlayer space of montmorillonite by solid-solid reactions. Clay Sci. 11, 549-564.

Khaorapapong, N., Kuroda, K., Ogawa, M., 2002b. Intercalation of 8-hydroxyquinoline
into Al-smectites by solid-solid reactions. Clays Clay Miner. 50, 428-434.

Khaorapapong, N., Ontam, A., Youngme, S., Ogawa, M., 2008a. Solid-state intercalation
and in situ formation of cadmium sulfide in the interlayer space of montmorillonite.
J. Phys. Chem. Solids 69, 1107-1111.

Khaorapapong, N., Ontam, A., Ogawa, M., 2008b. Formation of MnS particles in the
interlayer space of montmorillonite. Mater. Lett. 62, 3722-3723.

Khaorapapong, N., Ontam, A., Khemprasit, J., Ogawa, M., 2009. Formation of MnS- and
NiS-montmorillonites by solid-solid reactions. Appl. Clay Sci. 43, 238-242.

Kuczynski, ], Thomas, J.K., 1985. Photophysical properties of cadmium sulfide
deposited in porous Vycor glass. . Phys. Chem. 89, 2720-2722.

Liu, X., Thomas, J.K., 1989. Formation and photophysical properties of CdS in zeolites
with cages and channels. Langmuir 5, 58-66.

Loukanov, AR., Dushkin, C.D., Papazova, K., Kirov, A.V., Abrashev, M.V., Adachi, E.,
2004. Photoluminescence depending on the ZnS shell thickness of CdS/ZnS core-
shell semiconductor nanoparticles. Colloids Surf. A Phys. Eng. Aspects 245, 9-14.

Milekhin, A.G., Sveshnikova, L.L., Repinsky, S.M., Gutakovsky, A.K., Friedrich, M., Zahn,
D.R.T., 2002. Optical vibrational modes in (Cd, Pb, Zn)S quantum dots embedded in
Langmuir-Blodgett matrices. Thin Solid Films 422, 200-204.

Mu, ], Gu, D., Xu, Z., 2005. Effect of annealing on the structural and optical properties of
non-coated and silica-coated ZnS:Mn nanoparticles. Mater. Res. Bull. 40, 2198-2004.

Ogawa, M., 2004. Photoprocess in clay-organic complexes. In: Auerbach, S.M., Carrado,
K.A., Dutta, P.K. (Eds.), Handbook of Layered Materials. Marcel Dekker, New York,
pp. 191-260.

Ogawa, M., Kuroda, K., 1995. Photofunctions of intercalation compounds. Chem. Rev.
95, 399-438.

Ogawa, M., Kuroda, K., 1997. Preparation of inorganic-organic nanocomposites through
intercalation of organoammonium ions into layered silicates. Bull. Chem. Soc. Jpn
70, 2593-2618.

Ogawa, M., Kuroda, K., Kato, C., 1989. Preparation of montmorillonite-organic
intercalation compounds by solid-solid reactions. Chem. Lett. 1659-1662.

Ogawa, M., Kato, K, Kuroda, K., Kato, C., 1990a. Preparation of montmorillonite-
alkylamine intercalation compounds by solid-solid reactions. Clay Sci. 8, 31-36.

Ogawa, M., Handa, T., Kuroda, K., Kato, C., 1990b. Formation of organoammonium-
montmorillonites by solid-solid reactions. Chem. Lett. 71-74.

Ogawa, M., Hashizume, T., Kuroda, K., Kato, C,, 1991. Intercalation of 2,2’-bipyridine and
complex formation in the interlayer space of montmorillonite by solid-solid reactions.
Inorg. Chem. 30, 584-585.

Ogawa, M., Nagafusa, Y., Kuroda, K., Kato, C., 1992a. Solid-state intercalation of acrylamide
into smectites and Na-taeniolite. Appl. Clay Sci. 7, 291-302.

Ogawa, M., Shirai, H., Kuroda, K., Kato, C., 1992b. Solid-state intercalation of naphthalene and
anthracene into alkylammonium-montmorillonites. Clays Clay Miner. 40, 485-490.

Ogawa, M., Hirata, M., Kuroda, K., Kato, C., 1992c. Selective solid-state intercalation of
cis-trans isomers into montmorillonite. Chem. Lett. 365-368.

Ozniiliier, T., Erdogan, 1., Demir, U., 2006. Electrochemically induced atom-by-atom
growth of ZnS thin films: a new approach for ZnS co-deposition. Langmuir 22,
4415-4419.

Sooklal, K., Cullum, B.S., Angel, S.M., Murphy, CJ., 1996. Photophyical properties of ZnS
nanoclusters with spatially localized Mn?™. J. Phys. Chem. 100, 4551-4555.

Stramel, R.D., Nakamura, T., Thomas, ]J.K., 1986. Cadmium sulfide on synthetic clay.
Chem. Phys. Lett. 130, 423-425.

Su, B., Choy, K.L., 2000. Synthesis, microstructure and optical properties of ZnS films
formed by electrostatic assisted aerosol jet deposition. J. Mater. Chem. 10, 949-952.

Theng, B.K.G., 1974. The Chemistry of Clay-Organic Reactions. Adam Hilger, London.

Tyagi, B., Chudasama, C.D., Jasra, R.V., 2006. Determination of structural modification in
acid activated montmorillonite clay by FT-IR spectroscopy. Spectrochim. Acta A 64,
273-278.

Wada, Y., Kuramoto, H., Anand, J., Kitamura, T., Sakata, T., Mori, H., Yanagida, S., 2001.
Microwave-assisted size control of CdS nanocrystallites. ]. Mater. Chem. 11,
1936-1940.

Whittingham, M.S., 1982. Intercalation chemistry: an introduction. In: Whittingham, M.S.,
Jacobson, AJ. (Eds.), Intercalation Chemistry. Academic Press, New York, pp. 1-18.

Xu, W.,, Liao, Y., Akins, D.L, 2002. Formation of CdS nanoparticles within modified
MCM-41 and SBA-15. ]. Phys. Chem. B 106, 11127-11131.

Zhang, Z., Dai, S., Fan, X., Blom, D.A., Pennycook, S.J., Wei, Y., 2001. Controlled synthesis
of CdS nanoparticles inside ordered mesoporous silica using ion-exchange reaction.
J. Phys. Chem. B 105, 6755-6758.

Zhang, X., Song, H., Yu, L, Wang, T., Ren, X., Kong, X., Xie, Y., Wang, X., 2006. Surface
states and its influence on luminescence in ZnS nanocrystallite. ]. Lumin. 118,
251-256.

Zhu, J., Zhou, M., Xu, ], Liao, X., 2001. Preparation of CdS and ZnS nanoparticles using
microwave irradiation. Mater. Lett. 47, 25-29.



This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Journal of Physics and Chemistry of Solids 71 (2010) 1644-1650

Contents lists available at ScienceDirect

Journal of Physics and Chemistry of Solids

journal homepage: www.elsevier.com/locate/jpcs

Formation of mono(8-hydroxyquinoline) lithium(I) complex in smectites

by solid-solid reactions

Nithima Khaorapapong **, Makoto OgawaP

2 Department of Chemistry and Center of Excellence for Innovation in Chemistry, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand
b Department of Earth Sciences, Waseda University, Nishiwaseda 1-6-1, Shinjuku-ku, Tokyo 169-8050, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 25 September 2009
Received in revised form

27 August 2010

Accepted 4 September 2010

Keywords:

A. Optical materials
C. X-ray diffraction
D. Luminescence

Lithium quinolate including mono(8-hydroxyquinoline) lithium(I) complex (Liq) formed in the
interlayer spaces of two smectites via solid-solid reactions and in situ complex formation by reacting
Li-smectites (Li(I)-synthetic saponite and Li(I)-montmorillonite) with 8-hydroxyquinoline at room
temperature. The incorporation of 8-hydroxyquinoline into Li(I)-smectites was proved by powder X-ray
diffraction, infrared spectroscopy, thermal and elemental (CHN) analysis. UV-vis absorption and
photoluminescence spectra indicated that 8-hydroxyquinoline ligand formed Liq chelate in the
interlayer spaces of smectites. The higher luminescence intensity of the Liq complex in synthetic
saponite confirmed the very low content of quenching impurities such as iron in the synthetic saponite.
The variation of the photoluminescence bands supported the difference in molecular packing and/or

crystal structure of the complex formed in the interlayer spaces of smectites.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Intercalation of organic guest species into layered inorganic
materials is a way of producing ordered inorganic-organic
assemblies with specific functions controlled by their microstruc-
tures [1]. Among possible layered solids, 2:1 layered clay minerals
including smectites are attractive host materials because of their
large surface area, ion exchange property, adsorptive property and
swelling behavior for incorporating organic guest species in the
interlayer spaces. The constructions, properties and applications of
organic-inorganic nanohybrid based on smectites, which repre-
sented a new class of premier functional materials such as catalyst
and optical properties, have been extensively reported [2,3].

Solid-solid reactions including mechanochemical procedure,
which occur between powders in the solid state, are effective
techniques for intercalation because of the facilitation of opera-
tion and the possibility to improve and functionalize the
performances of compounds, which are not accessible from
solutions, and so on [4,5]. The immobilization of organic species
into three dimensional host materials such as zeolites [6], and two
dimensional layered host materials including layered zirconium
phosphate [7] as well as layered clay minerals [8-11] by
solid-solid reactions was studied so far.

We have successfully prepared metal chelates in the interlayer
spaces of smectites via solid-solid reactions between metal
exchanged smectites with organic ligands and in situ complex

* Corresponding author. Tel.: +66 4320 2222 41x12370 2; fax: +66 4320 2373.
E-mail address: nithima@kku.ac.th (N. Khaorapapong).
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formation. Incorporation of 2,2’-bipyridine, 4,4'-bipyridine and
1,2-di(4-pyridine)ethylene and thioacetamide in montmorillo-
nites [12-14], 8-hydroxyquinoline in smectites [15-17] as well as
sulfide ion [18-21] through solid-state intercalation and in situ
formation was already reported.

In the present paper, we report the intercalation of
8-hydroxyquinoline (abbreviated as 8Hq, the molecular structure
is shown in Scheme 1a) in the interlayer spaces of lithium(I)
exchanged smectites (abbreviated as Li-smectites). Metal quino-
late complexes including mono(8-hydroxyquinoline) lithium(I)
(abbreviated as Liq, the molecular structure is shown in
Scheme 1b) have intensively used in the organic light emitting
devices (OLEDs) [22-28] because of their high electrolumines-
cence efficiency and capability of emitting many color throughout
the visible spectrum. Developments in design and use of thin
films of metal quinolate complexes deposited by vapor phase
processes as organic electroluminescent materials for light
emitting device applications has been investigated [22]. In order
to optimize the performance as emitting materials for OLEDs,
metal quinolate must be isolated and thermally stable [22-26].
The incorporation of metal quinolate complexes on solid surfaces
or in polymers may be a way to improve isolation and thermal
stability, which lead to controlled fluorescent property as well as
thin film fabrication. Bis(8-hydroxyquinoline) manganese(Il)
complex (Mnq,) was immobilized in zeolites including NaY, KL,
Nap and Na-ZSM-5, and mesoporous material (MCM-41) by
heating the manganese-exchanged zeolites with excess 8Hq
ligands at 120°C in argon atmosphere for one day [29].
Incorporation of bis(8-hydroxyquinoline) zinc(Il) complex (Znqy)
in a poly(vinylcarbazole) was done and the thin film was
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Scheme 1. The molecular structures of 8-hydroxyquinoline (a) and mono
(8-hydroxyquinoline) lithium(I) (b).

fabricated by spin-coating technique [30]. Polystyrene containing
zinc quinolate complexes in the backbone was prepared as an
emitting layer of OLEDs [31]. The effects of the host-guest
interactions are worth investigating further for controlling
stability, emission efficiency and wavelength.

The previous successes in the solid-solid reactions of layered
silicates with organic species have been applied for the immobi-
lization of metal quinolate complexes, which are difficult to be
intercalated in the interlayer spaces of smectites by conventional
ion exchange methods because of their ionically neutral property
[15-17]. In the present study, we carried out the solid-solid
reactions between Li-smectites and 8-hydroxyquinoline to
prepare new luminescent nanohybrid materials.

2. Experimental
2.1. Materials

Na-synthetic saponite (Sumecton SA, the reference clay sample
of the Clay Science Society of Japan, obtained from Kunimine
Industries Co., Ltd. synthesized by a hydrothermal reaction) and
Na-montmorillonite (Kunipia F, obtained from Tsukinuno Mine,
Kunimine Industries Co., Ltd., Japan) were used as the host
materials. The cation exchange capacities (CEC) of Na-synthetic
saponite and Na-montmorillonite were 70 and 120 meq /100 g of
host, respectively. 8-Hydroxyquinoline was obtained from Junsei
Chemical Co., Ltd. Lithium chloride was purchased from
May&Baker Ltd. All chemicals were reagent grade and used
without further purification.

2.2. Preparation of Li-smectites by a conventional ion exchange
method

Li-smectites (synthetic saponite and montmorillonite) were
synthesized by a conventional ion exchange method. Powders of
Na-smectites were mixed with a fresh aqueous solution of lithium
chloride and the mixtures were magnetically stirred at room
temperature for one day. After the ion exchange reactions, the
resulting solids were recovered with a centrifugal separator and
washed with deionized water repeatedly until a negative AgNOs3
test was obtained. The amounts of the exchanged lithium cations
were determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) to be 55 and 98 meq/100 g of clay mineral
for Li-synthetic saponite and Li-montmorillonite, respectively.

2.3. Solid-state intercalation of 8Hq into the interlayer spaces of
Li-smectites

The intercalation of 8Hq into Li-smectites was carried out by
solid-solid reactions according to the method described in our
previous reports [12-20]. The mixtures of Li-smectites and 8Hq
were manually ground with a pestle and an agate mortar at room

temperature for 10-15 min. The molar ratios of the lithium
interlayer cation to 8Hq were 1:1, 1:2 and 1:3.

2.4. Characterization

Powder X-ray diffraction patterns were taken on a Bruker D8-
ADVANCE diffractometer using monochromatic CuKo radiation.
Visible absorption spectra of the samples were obtained on a
Shimadzu UV-VIS-NIR-3101PC scanning spectrophotometer.
Diffuse reflectance spectra of the solid samples were collected
using an integrated sphere. Infrared spectra of the samples were
recorded between 4000 and 400cm~! on a Perkin Elmer
Spectrum One FT-IR spectrophotometer by KBr disk method.
TG-DTG-DTA data were obtained on a Perkin Elmer Pyris
Diamond TG-DTA instrument at a heating rate of 10 °C min~'
under a dry air atmosphere using o-alumina (o-Al;03) as the
standard material. Luminescence spectra were recorded on a
Shimadzu RF-5301PC spectrofluorophotometer in the wavelength
range of 400-650 nm with the excitation at 360 nm. The
composition of the intercalation compounds were analyzed for
C and N contents on a Perkin Elmer 2400 series II CHNS/O
analyzer. The amounts of lithium(I) cation were determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) (Perkin Elmer Optima 2100DV spectrometer).

3. Results and discussion
3.1. Intercalation of 8Hq in the interlayer spaces of Li-smectites

The changes in the basal spacings and color of hydrated
smectites by the solid-solid reactions between Li-smectites
(Li-synthetic saponite and Li-montmorillonite) and 8Hq at the
molar ratios (Li:8Hq) of 1:1, 1:2 and 1:3 are summarized in
Table 1. Hereafter, the intercalated products are denoted as
Li-smectites-8Hq(n), where n in the parenthesis indicated the
molar ratio of 8Hq to interlayer lithium cation (8Hq/Li).

The powder X-ray diffraction patterns of the intercalation
compounds prepared by the reactions of Li-synthetic saponite
with 8Hq at the molar ratio of 1:1, 1:2 and 1:3 (Li:8Hq) are shown
in Fig. 1 together with that of 8Hq. The basal spacings of
Li-synthetic saponite-8Hq(1) and Li-montmorillonite-8Hq(1) in-
tercalation compounds were 1.30 (Fig. 1a and Table 1) and
1.66 nm (Table 1) [16], respectively. The gallery heights were
calculated by subtracting the thickness of a silicate layer
(0.96 nm) from the observed basal spacings (1.30 and 1.66 nm)
to be 0.34 and 0.70 nm for Li-synthetic saponite-8Hq(1) and
Li-montmorillonite-8Hq(1), respectively. The XRD pattern of 8Hq
powder was collected, where the diffraction peaks were located at

Table 1
Basal spacings and colors of hydrated smectites and the intercalation compounds
prepared by solid-solid reactions with 8-hydroxyquinoline.

Host Molar ratio Hydrated After the reaction
(Li/8Hq) with 8Hq
d (nm) Color d(nm) Color
Synthetic saponite 1:0 1.26 White - -
1:1 - - 1.30 Bright yellow
1:2 - - 1.34, 1.69 Bright yellow
1:3 - - 1.67 Bright yellow
Montmorillonite 1:0 1.46 White - -
1:1 - - 1.66 Yellow-green
1:2 - - 1.68 Yellow-green
1:3 - - 1.68 Yellow-green
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d=0.94, 0.62 and 0.38 nm (Fig. 1d). The XRD patterns of
Li-synthetic saponite-8Hq(1) and Li-montmorillonite-8Hq(1) did
not show any reflection of 8Hq crystal. The X-ray diffraction
patterns of Li-montmorillonite-8Hq(2) and Li-montmorillonite-
8Hq(3), which were reported in our previous work [10], showed
the sharp diffraction peaks with the basal spacing of 1.68 nm
(Table 1) and the corresponding higher order reflections. Further
increase in the basal spacing (ca. 1.7 nm) was not observed for
Li-montmorillonite-8Hq(2) and Li-montmorillonite-8Hq(3), and
the reflections due to the free 8Hq molecule were detected in the
XRD patterns. On the other hand, the basal spacings of
Li-synthetic saponite-8Hq(2) (Fig. 1b) and Li-synthetic saponite-
8Hq(3) (Fig. 1c) were 1.34 and 1.69, and 1.67 nm (Table 1),
respectively. No reflection of 8Hq crystal was observed in the XRD
patterns of Li-synthetic saponite-8Hq(2) and Li-synthetic
saponite-8Hq(3). We reported that the gallery heights of
Algs-synthetic saponite and Algs-montmorillonite were deter-
mined to be 0.45 and 0.68 nm, respectively [15], being approxi-
mately consistent with the present products. The result confirmed
the intercalation of 8Hq molecules.

To study the stability of the intercalation compounds, only the
products without any unreacted 8Hq including Li-synthetic sapo-
nite-8Hq(1), Li-synthetic saponite-8Hq(2), Li-synthetic saponite-
8Hq(3) and Li-montmorillonite-8Hq(1) were allowed to stand at
room temperature for longer periods (more than 6 months).
The diffraction peaks (dgo;) of Li-synthetic saponite-8Hq(1) and
Li-montmorillonite-8Hq(1) were maintained at the same d values,
while those of Li-synthetic saponite-8Hq(2) and Li-synthetic
saponite-8Hq(3) were slightly shifted toward the higher 20 region,
indicating the deintercalation of 8Hq. This observation supported
that the intercalation compounds (Li-synthetic saponite-8Hq(1)
and Li-montmorillonite-8Hq(1)) were stable under the ambient

1.30 nm
@
1.69 nm
5 v 1.34 nm
< (b)
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%}
§ ~ 1.67 nm
= (c)
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Fig. 1. XRD patterns of Li-synthetic saponite-8Hq(1) (a), Li-synthetic saponite-
8Hq(2) (b), Li-synthetic saponite-8Hq(3) (c) and 8Hq (d).
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conditions. Therefore, further characterizations of only the two
products were obtained.

In order to prove thermal stability of the two products,
Li-synthetic saponite-8Hq(1) and Li-montmorillonite-8Hq(1) were
heated at 200 °C for 1 h in air atmosphere. The basal spacings of the
heat-treated products (from 1.30 to 1.28 nm for Li-synthetic saponite-
8Hq and from 1.66 to 1.63 nm for Li-montmorillonite-8Hq(1)) were
very similar to those of the original samples and the diffraction peaks
due to the ligand were not observed, supporting the intercalation of
8Hq in the interlayer spaces of smectites and the thermal stability of
the intercalation compounds.

As a result of the solid-solid reactions, the change in the color
(from colorless to bright yellow and yellow-green color for
Li-synthetic saponite-8Hq and Li-montmorillonite-8Hq, respectively)
suggested the formation of complex in the interlayer spaces. Since the
interlayer lithium cations of two smectites were surrounded by water
molecules at ambient temperature, the increase in the basal spacings
was thought to be caused by the intercalation of 8Hq via ligand
displacement reactions between water and 8Hq molecule.

Because the gallery height (0.70 nm) of Li-montmorillonite-
8Hq(1) was larger than that observed for Li-synthetic saponite-
8Hq(1) (0.34 nm), the intercalated Liq complex was thought to have
a different molecular structure and/or molecular packing in the
interlayer spaces. The coordinated 8Hq of Li-synthetic saponite-
8Hq(1) and Li-montmorillonite-8Hq(1) formed a monolayer
arrangement with the different molecular packing in the interlayer
spaces due to the different in CEC of the two clay minerals
(Scheme 2a and b). The gallery height (0.70 nm) of Li-synthetic
saponite-8Hq(3) was very similar to that observed for
Algs-montmorillonite [15]. The 8Hq ligands were thought to take
a bilayer arrangement in the interlayer spaces of synthetic saponite
similar to Algs-montmorillonite. The gallery heights (0.36 and
0.70 nm) of Li-synthetic saponite-8Hq(2) were attributed to the
two different arrangements (a monolayer (0.36 nm) and a bilayer
(0.70 nm) arrangements) of 8Hq took place in the interlayer space of
synthetic saponite. Since the CEC of montmorillonite was higher
than that of synthetic saponite, the difference in the arrangements of
8Hq ligand, which coordinated to lithium interlayer cation of two
smectites, should be observed. Because no octahedrally coordinated
complex ion of Liqs was reported, the coordination of unsymme-
trical bidentate ligand (8Hq) to Li(I) interlayer cation might form the
unstable Liqs complex ion, or Liq and/or Liq, together with the free
8Hq molecule adsorbed in the interlayer space of synthetic saponite.
This result was consistent with the shift in the diffraction peaks of
Li-synthetic saponite-8Hq(2) and Li-synthetic saponite-8Hq(3)
intercalation compounds after storage more than 6 months as
mentioned above.

3.2. The amounts of adsorbed 8Hq in smectites

The chemical compositions were determined by CHN analysis.
The carbon and nitrogen contents of the intercalation compounds
(Table 2) were 7.83% and 1.02% for Li-synthetic saponite-8Hq(1)
and 12.38% and 1.65% for Li-montmorillonite-8Hq(1) [16]. The
C:N ratios of the samples (8.96:1 for Li-synthetic saponite-8Hq(1)
and 8.76:1 for Li-montmorillonite-8Hq(1)) were in good

b

Montmorillonite

/ 'd=1.66nm

Scheme 2. The schematic structures of Li-synthetic saponite-8Hq(1) (a) and Li-montmorillonite-8Hq(1) (b).
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Table 2
Chemical compositions of the intercalation compounds before and after washing
with ethanol.

Host C/mass % N/mass % C:N
Synthetic saponite
Before washing 7.83 1.02 8.96:1
After washing 3.53 0.76 5.42:1
Montmorillonite
Before washing 12.38 1.65 8.76:1
After washing 11.27 1.54 8.54:1
TG DTA
0
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Fig. 2. TGA and DTA curves of Li-synthetic saponite-8Hq(1) (a, d), Li-synthetic
saponite (b, e) and 8-hydroxyquinoline (c, f).

agreement with that of 8Hq molecule (9:1), indicating that no
decomposition of 8Hq molecule occurred during the solid-solid
reactions. The ratios of intercalated 8Hq to lithium ion in the
interlayer spaces of smectites were estimated to be ca. 1:1, based
on the C contents. Thus, the intercalated species were thought to
form complex with the formula of Liq [23-25].

The TG-DTA curves of Li-synthetic saponite-8Hq(1) are shown
in Fig. 2 together with those of Li-synthetic saponite and 8Hq
molecule. The DTG curves of Li-synthetic saponite-8Hq(1) and
Li-montmorillonite-8Hq(1) are also displayed in Fig. 3 together
with those of the layered host materials. The endothermic peaks
due to the melting and vaporization of 8Hq crystal at around 74
and 176 °C (Fig. 2f) were not observed in the DTA curves of the
intercalation compounds (Li-synthetic saponite-8Hq(1) and
Li-montmorillonite-8Hq(1)), indicating that unreacted 8Hq crys-
tal were not involved in the two products. The endothermic peak
at 54 °C of Li-synthetic saponite-8Hq (Fig. 2d), which accompa-
nied the weight loss, was attributed to elimination of adsorbed
water. Since the product was ground at ambient temperature, a
small amount of water should adsorb on the solid surfaces. The
TG-MS analysis (He flow) of Algs-montmorillonite revealed that
the gas evolved at 57 °C was water [15]. In the TG and DTG curves
(Figs. 2 and 3), the second weight loss of Li-synthetic saponite-
8Hq(1) was observed at the temperature range of 196-393 °C
without significant exothermic and endothermic peak (Fig. 2d)
and that of Li-montmorillonite-8Hq(1) (Fig. 3b) at the tempera-
ture range 188-344 °C, corresponding to the endothermic peak at
259 °C[16], were attributed to the dehydration of the coordinated
water of the intercalated complex in agreement with the
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Fig. 3. DTG curves of Li-synthetic saponite-8Hq(1) (a), Li-synthetic saponite (b),
Li-montmorillonite-8Hq(1) (c) and Li-montmorillonite (d).

proposed geometries mentioned above and/or the partial decom-
position of the lithium quinolate complex [16,17]. It was reported
that the crystallization water of Liq was eliminated by drying the
complex at 200 °C [23]. In the DTG curves (Fig. 3), the third weight
losses between 393 and 580 °C for Li-synthetic saponite-8Hq(1)
and 344 and 545 °C for Li-montmorillonite-8Hq(1) were ascribed
to the decomposition and partial oxidation of coordinated 8Hq
[16,17]. The last weight losses between 580 and 850 °C for
Li-synthetic saponite-8Hq(1) (Fig. 2d) and 541 and 1000 °C for
Li-montmorillonite-8Hq(1) were attributed to the final pyrolysis
of 8Hq [32,33], the oxidation of the charcoal [33] and the
dehydroxylation of the structural layers of the smectites [34].
By comparison with the TG-DTG-DTA curves of the host
materials, the thermal behavior of the intercalation compounds
was ascribed to the decomposition of the intercalated 8Hgq.
However the detail of reaction at each temperature is still difficult
to be separated and elucidated. This finding supported the
formation of Liq in the interlayer spaces of smectites. As we
know, no thermal analysis of Liq complex was reported so far. We
reported that the thermal decomposition of Znq, in smectites
occurred at the higher temperature if compared with the free
Znqs - 2H,0 complex [17]. These present intercalation compounds
were also thought to be thermally more stable than the free
complex of similar composition. This observed property is
attributed to the silicate shielding of intercalated Liq complex in
the interlayer spaces of smectites.

3.3. Formation of Liq in smectites

Fourier transform infrared, UV-vis absorption and photolumi-
nescence spectra of Li-synthetic saponite-8Hq(1) and Li-mont-
morillonite-8Hq(1) were recorded to examine the adsorbed
states of 8Hq. The characteristic wavenumbers observed in the
FT-IR spectra of Li-synthetic saponite-8Hq(1) are summarized in
Table 3 together with those of Li-montmorillonite-8Hq(1)
reported in our previous work [16], the absorption bands due to
8Hq such as the C-H out of plane bending modes with strong
relative intensities at around 742, 781 and 818 cm~' [35] were
also observed in the FT-IR spectra of the products. The bands in
the regions were found to shift slightly toward the higher
frequency ranges in the intercalation compounds when compared
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Table 3
Wavenumbers (cm~!) of infrared bands of the intercalation compounds and their
assignments.

Assignments 8Hq [35] Li-saponite-8Hq(1) Li-montmorillonite-8Hq(1)

Ring stretching 1625 - -
Ring stretching 1593 - -

Ring stretching 1580 1563 1579

Ring stretching 1509 - 1517

Ring stretching 1499 1503 1502

Ring stretching 1473 1472 1469

Ring stretching 1434 - 1435

+CH bending 1410 - 1421

CH bending 1398 1389 1384

+Ring stretching 1380 - -

CH bending+ 1372 - -

Ring stretching 1355 - 1325

CH bending 1286 1278 1270

CH bending 1257 - -

CH stretching+ 1245 - -

CH bending

CH stretching+ 1223 - -

CH bending

C-0 stretching+ 1100 - -

CH bending

CH waging 818 825 820

Ring deformation 807 - -

CH waging 781 790 787

CH waging 742 750 750
- 713

with those observed for the free 8Hq molecule, confirming the
coordination between 8Hq molecule and lithium interlayer cation
of synthetic saponite and montmorillonite. The FT-IR spectra of
the products did not show any additional absorption band due to
decomposed species, proving no decomposition of 8Hq molecule.

The UV-vis diffuse reflectance absorption spectra of
Li-synthetic saponite-8Hq(1), Li-montmorillonite-8Hq(1) and
8Hq were obtained and shown in Fig. 4 together with that of
8Hq. The absorption band due to 7 to n* charge transfer from
electron-rich phenoxide ring to the electron-deficient pyridyl ring
of 8Hq unit [27], was observed at 366 nm (/mnax) for Li-synthetic
saponite-8Hq(1) (Fig. 4a) and at 318 nm (Amax) for Li-montmor-
illonite-8Hq(1) (Fig. 4b). The bands were not detected for the
absorption spectra of Li-synthetic saponite (not shown),
Li-montmorillonite (not shown) and 8Hq (Fig. 4c). The absorption
bands of Liq in solid film appeared at 259 and 365 nm [23], at
315 nm in thin film [27] and that of Liq in DMF solution showed at
420 nm [36]. The absorption spectra of lithium-2-methyl-8-
hydroxyquinolinolate complex (LiMeq) in solid film also gave
some major bands at 259 and 365 nm [23]. Accordingly, the bands
observed for Li-synthetic saponite-8Hq(1) and Li-montmorillo-
nite-8Hq(1) can be ascribed to Liq formed in the interlayer spaces
of smectites. This result was consistent with PL spectra described
below. The absorption band of Li-synthetic saponite-8Hq(1)
(366 nm) was different from that observed for Li-montmorillo-
nite-8Hq(1) (318 nm), indicating the different microstructures
and/or molecular packing of Liq formed in the interlayer spaces of
synthetic saponite and montmorillonite.

The PL spectra (with excitation at 360 nm) of the intercalation
compounds are shown in Fig. 5. In the luminescence spectra,
intense luminescence was observed at around 509 nm for
Li-synthetic saponite-8Hq(1) (Fig. 5a) or at 532nm for
Li-montmorillonite-8Hq(1) (Fig. 5b). The PL band of Liq showed
at 485 nm in solid film [23], at 550 nm in a DMF solution [36] and
at 501 nm in thin film [27]. The luminescence spectrum of LiMeq
film was also observed at 485 nm [23]. These observations
supported the formation of Liq in the interlayer spaces
of smectites. The difference in luminescence intensity of
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Fig. 4. Diffuse reflectance absorption spectra of Li-synthetic saponite-8Hq(1) (a),
Li-montmorillonite-8Hq(1) (b) and 8-hydroxyquinoline (c).
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Fig. 5. Luminescence spectra of Li-synthetic saponite-8Hq(1) (a) and Li-mont-
morillonite-8Hq(1) (b).

Li-smectites-8Hq systems was similar to that observed between
Algs-synthetic saponite and Algs-montmorillonite systems [17].
Since the cation exchange capacities of the two smectites used in
this present work are 70 meq/100 g of clay for synthetic saponite
and 120 meq/100 g of clay for montmorillonite, the proximity of
the adjacent complexes should be different. As a result, the
molecular structure and packing of Liq formed in smectites varied
to reveal the slight difference in the wavelength of PL spectra.
The two products, Li-synthetic saponite-8Hq(1) and Li-mont-
morillonite-8Hq(1), were washed with ethanol at room tem-
perature for 1 h. The amount of the desorbed Liq was determined
by the luminescence spectra of the supernatants, where the
luminescence bands owing to Liq was detected at 496 nm for
Li-synthetic saponite-8Hq(1) and at 511 nm Li-montmorillonite-
8Hq(1). It was reported that Znq, - 2H,0 can be transformed into
(Zngy)4 by the heat treatment under vacuum and reversed
transformation can be occurred by the dissociation of the complex
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in chloroform and ethanol [37]. Moreover, we have found that
anhydrous Znqg, and Znq,-2H,0 in smectites can be partially
transformed to Znq,-nH,0 by interacting with ethanol [17] to
shift the luminescence maxima toward a shorter wavelength
region. The computational studies on Liq cluster also showed that
the various structures of the complex (Li,q,; n=1, 2, 3, 4 and 6)
were easily visualized [38]. Thus, the shifts in the emission bands
of the supernatants from 509 to 496 nm for Li-synthetic saponite-
8Hq(1) and 532-511 nm for Li-montmorillonite-8Hq(1) were
thought to result from the variation of the molecular structure
of the Lig complex. The CHN data of the washed products are
shown together with those of the original ones in Table 2. The
desorbed amount of Liq from montmorillonite was so small, since
the chemical composition of the solid did not change significantly.

The advantage of the present complexation with mont-
morillonite was the stability toward washing with ethanol, while
that of the complex with the synthetic saponite was the
luminescence intensity. The photoluminescence intensity of Liq
in synthetic saponite (Fig. 5a) was 9.3 times higher than that of
Lig-montmorillonite (Fig. 5b). This observation indicated that the
impurities including iron in montmorillonite quenched the
luminescence of Liq. The Fe,03 composition of natural montmor-
illonite used in this work was reported to be 1.9 wt% [39], while
there was no iron contained in the synthetic saponite. The
wavelength of the UV-vis absorption and luminescence bands of
the complex varied slightly depending on the hosts, confirming
the difference in molecular structures and packing of the
intercalated complex.

4. Conclusions

8-Hydroxyquinoline was successfully introduced in the inter-
layer spaces of Li-smectites via solid-solid reactions at ambient
temperature. The intercalated 8-hydroxyquinoline ligand formed
mono(8-hydroxyquinoline) lithium(I) complex (Liq) in the inter-
layer spaces of smectites. The optical properties of the complex
were influenced by the nature of the two smectites. High
photoluminescence intensity of the complex was observed, when
synthetic saponite was used as the host material. The selection of
host-guest systems is also very effective to be used for function-
alizing ionically neutral species in the interlayer spaces by this
solid-state intercalation.
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Intercalation of thiourea into the interlayer space of Cu(Il)-montmorillonite was performed by solid-solid
reaction at room temperature. The successful intercalation was proved by powder X-ray diffraction data
and spectroscopic results. The basal spacing of the intercalation compound at the molar ratio 1:6 for
copper(Il) ion to thiourea was ca. 1.7 nm and the value was larger than that of the starting host material.
The absence of the electron spin resonance signal of the product indicated that the copper(Il) interlayer
cation was reduced to copper(l) cation which remained in the interlayer space as a copper(I) thiourea
complex. Both elemental (CHN) and thermogravimetry analyses, as well as Raman and infrared
spectroscopy of the intercalation compound supported the presence of the copper(l) thiourea complex
in the interlayer space montmorillonite.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Intercalation of organic and inorganic species into layered host
materials, which is an effective way of constructing ordered
inorganic-organic or inorganic-inorganic assemblies with unique
microstructures and properties, has drawn increasing interest in a
wide variety of scientific and industrial studies (Ogawa, 2004; Lagaly
et al., 2006). The smectite group of clay minerals provides attractive
features including large surface area, swelling behavior, adsorption
and ion exchange. Smectites have been extensively used as the host
materials and the other possible applications because of their
attractive properties and ability to accommodate various kinds of
organic and inorganic guest species (Ogawa and Kuroda, 1995,
1997). The so-called solid-solid reaction has attracted attention due
to the facile operation and possibility to prepare compounds not
accessible from solution (Patil et al., 1984; Toda et al., 1987). The
adsorption of neutral molecules (Ogawa et al., 1992, 1993, 1995a),
cation exchange of organoammonium ions (Ogawa et al., 1995b), in
situ complexation (Ogawa et al., 1991; Khaorapapong and Ogawa,
2007; Khaorapapong et al., 2001, 2002a,b), as well as in situ
sulfidation of metal sulfides (Khaorapapong et al., 2009, 2010) into
the interlayer spaces of smectites using solid-solid reaction as
a synthetic method were reported.

The transition metal interlayer cations of smectites can form
metal complexes with appropriate organic ligands. The metal
complex-clay mineral intercalation compounds have been increas-
ingly studied because of their unique properties such as the
possibility of fixation of catalytically active sites (Pinnavaia, 1983;

* Tel.: +66 43 202222 41x12370 2; fax: + 66 43 202373.
E-mail address: nithima@kku.ac.th.

0169-1317/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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Ozin and Gil, 1989) and construction of low dimensional nanoma-
terials with novel functional surfaces, and so on. Thiourea is an
excellent ligand for transition metals and exhibits redox activity
with reducible metal ions to make the reaction systems complicated.
In this paper, the study on solid-state intercalation was investigated
to incorporate thiourea into the interlayer space of Cu(Il)-montmo-
rillonite. Numerous copper(I) thiourea complexes including mono-
mers, dimers, polymers and clusters were reported over the last
50 years (Yamaguchi et al., 1958; Swaminathan and Irving, 1964;
Taylor et al, 1974; Johnson and Steed, 1998; Bott et al., 1998).
Incorporation of a gold thiourea complex (Au(TU)F) in beidellite
(Stievano et al., 1998) and a silver thiourea complex (Ag(TU)3 ) in
the interlayer spaces of sodium, calcium and aluminium montmor-
illonites (Pleysier and Cremers, 1975) by the ion exchange reactions
of the complex cations was investigated. Thiourea can donate both
nitrogen and/or sulfur atoms to coordinate with transition metals as
well as the reaction between copper(Il) and thiourea can generate
both copper(I)- and copper(Il) thiourea complexes (Bott et al.,
1998). Although Cu(Il)-montmorillonite has been widely used as a
host material for intercalation, the solid-state intercalation of
thiourea into the interlayer spaces of Cu(Il)-montmorillonite has
never been studied. Here the solid-solid reaction between Cu(lIl)-
montmorillonite and thiourea is reported because the unique way of
assembling copper thiourea complex on a solid surface may lead to a
low dimensional nanohybrid materials with novel microstructures
and properties.

2. Experimental
Montmorillonite used as a host material in this study was

Kunipia F (JCSS-3101) supplied by Kunimine Industries Co., Ltd.
Japan. Copper(Il) chloride (CuCl, 2H,0) and thiourea (NH,CSNH>)
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were obtained from Junsei Chemical Co., Ltd. and used as received.
Cu(Il)-montmorillonite was prepared by ion exchange reaction. The
content of copper in Cu(Il)-montmorillonite was determined to be
1.18 meq/g of clay mineral by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The intercalation of thiourea into
Cu(Il)-montmorillonite was carried out by solid-solid reactions
according to the method described previously (Khaorapapong and
Ogawa, 2007; Khaorapapong et al., 2002b, 2009). The mixtures of
Cu(Il)-montmorillonite and thiourea were ground manually with
an agate mortar and a pestle in air at room temperature for 10-15 min.
The molar ratio of thiourea to the copper(ll) interlayer cation was varied
from 6:1 to 1:1.

X-Ray powder diffraction data were collected with monochro-
matic CuKa radiation on a Mac Science MXP? diffractometer. Infrared
spectra of the samples in KBr disks were recorded on a Perkin Elmer
FT-IR 1640 spectrophotometer. Raman spectra were recorded on a
Perkin Elmer system 2000NIR FT-Raman spectrometer equipped with
a Perkin Elmer diode pumped Nd:YAG laser. CHN analysis was
performed on a Perkin Elmer PE-2400II instrument. Electron spin
resonance spectra of the randomly oriented powder samples were
recorded at room temperature on a JEOL RE-2XG ESR spectrometer
using 100 kHz magnetic field modulations. TG-DTA analysis was
performed on a Mac Science TG-DTA 2000S instrument at a heating
rate of 10 °C min~ ! using o-alumina (-Al,03) as a standard material.
Thermogravimetric-mass spectroscopy analysis was performed on a
Rigaku Thermo plus MS/IF (a TG model) equipped with a Shimadzu
GCMS-QP5050A gas chromatograph mass spectrometer at a heating
rate of 10°Cmin~! under a He flow. Inductively coupled plasma
atomic emission spectroscopic (ICP-AES) data were taken on a Nippon
Jarrell-Ash ICAP-575 Mark II instrument.

3. Results and discussion

The color changes of the products obtained from Cu(Il)-montmo-
rillonite and thiourea are listed in Table 1. By the solid-solid reactions
between Cu(Il)-montmorillonite and thiourea at the molar ratios of
6:1, 5:1 and 4:1 for thiourea to the interlayer cation, the white solids
were obtained. While the mixtures of the white and blue solids were
observed in the products with the molar ratios of 3:1, 2:1 and 1:1,
suggesting that the unreacted Cu(Il)-montmorillonite was involved in
the products. Hereafter, the intercalation compounds were designated
as Cu-montmorillonite-TU(n), where n in the parenthesis indicated
the molar ratio of thiourea to copper(ll) cation (TU/Cu™).

The X-ray diffraction pattern of Cu(Il)-montmorillonite-TU(6)
gave a sharp reflection with the basal spacing of ca. 1.7 nm (Fig. 1g).
The expansion of the interlayer space was determined to be ca. 0.7 nm
by subtracting the thickness of the silicate layer (ca. 1.0 nm) from the
observed basal spacing. No further increase of the basal spacing was
observed when a large amount of thiourea was added. The change of
the color and the expansion of the interlayer space of montmorillonite

Table 1
Colors and basal spacings of the products prepared by solid-solid reaction and
conventional adsorption process between Cu(Il)-montmorillonite with thiourea.

Molar Solid-solid reaction Reaction in H,0 Reaction in EtOH

Ei‘:.llc/)Cu”) Color door  Color door  Color doo1
(nm) (nm) (nm)

0:1 Blue 124  Blue 124  Blue 1.24

1:1 White-blue 1.43* White-green 1.27° Dark green 1.24°

2:1 White-blue 1.51* - - - -

3:1 White-blue 1.62* White-green 1.32* White-brown 1.39°

4:1 White 1.65° - - - -

5:1 White 1.67¢ - - - -

6:1 White 1.70  White 1.60  White-gray 1.47

2 Broad and asymmetric reflection.
b Strong reflection (no intercalation of thiourea).

Fig. 1. XRD patterns of Cu(Il)-montmorillonite (a), Cu(Il)-montmorillonite-TU at the
molar ratios of thiourea to copper(Il) interlayer cation were 1:1 (b), 2:1 (c), 3:1 (d), 4:1
(e), 5:1 (f) and 6:1 (g).

indicated the intercalation of thiourea and in situ complexation of
copper thiourea complex. On the other hand, the dgo; reflections of
the products, which the molar ratios of thiourea to copper(Il)
interlayer cation were lower than 6:1, showed the broad reflection
(Fig. 1f), or the broad and subsidiary reflections (Fig. 1b, c, d, e) with
the basal spacings below 1.7 nm, confirming the partial complexation
of the interlayer cation.

In order to study the effect of the reaction processes and reacting
solvents, the in situ complexation of thiourea was also performed by a
conventional adsorption process in aqueous and ethanol with the
molar ratios of 6:1, 3:1 and 1:1 for thiourea to the interlayer cation.
The basal spacings (Table 1) were observed at 1.60, 1.32 and 1.27 nm
for the product prepared in aqueous with the molar ratios of 6:1, 3:1
and 1:1 and at 1.47, 1.39 and 1.24nm in ethanol. The products
obtained at the molar ratio of 6:1 in aqueous and ethanol showed the
basal spacings lower than that prepared by the solid-solid reaction.
The other products prepared by the conventional reactions indicated
the incomplete intercalation, excluding the 1:1 product prepared in
ethanol showed the basal spacing of 1.24 nm, which was similar to the
pristine montmorillonite, suggesting that the intercalation of thiourea
did not occur in the resulting solid. It was reported that the reaction of
copper(Il) with thiourea in aqueous and non-aqueous solutions,
thiourea reduced copper(Ill) to copper(l) and was oxidized to
formamimide disulfide (Kratochvil et al., 1966; Doona and Stanbury,
1996). The difference of the observed basal spacings for the products
investigated by the solid-solid reactions and conventional adsorption
processes indicated that the intercalation mechanisms and products
involved in both solid-solid and solid-liquid processes were different.
For the products prepared by the conventional processes, thiourea
was thought to form formamimide disulfide in the solutions. Only the
remained thiourea molecules could be intercalated in the interlayer
spaces, corresponding to the smaller expansion of the interlayer
spaces. Thus, the reaction of thiourea in the solid-state was different
from the ones in the solutions. The mechanism occurred in the solid-
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Fig. 2. XRD patterns of Cu(Il)-montmorillonite (a), Cu(Il)-montmorillonite-TU at the
molar ratio of thiourea to copper(Il) interlayer cation was 6:1 after (b), and before
(c) washing, and thiourea (d).

state might be more complicated than those occurred in the solutions.
It is still not clear at the present study.

The stability of Cu-montmorillonite-TU(6) was studied by washing
the product with acetone in a Soxhlet's extractor for 1 h. Hereafter, the
washed product was denoted as Cu-montmorillonite-TU(w). The
basal spacing of Cu-montmorillonite-TU(w) (Fig. 2b) was gradually
reduced to ca. 1.6 nm, which corresponded to the expansion of the
interlayer space of ca. 0.6 nm. However, the dyo; reflection of Cu-
montmorillonite-TU(w) was slightly broad and asymmetry, indicat-
ing the deintercalation of some thiourea, copper thiourea complex
and/or formamimide disulfide. This observation suggested that the
Cu(Il)-montmorillonite-TU(6) intercalation compound or interca-
lated formamimide disulfide was unstable in acetone.

The C:N ratios of 1:1.9 for Cu-montmorillonite-TU(6) and 1:1.7 for
Cu-montmorillonite-TU(w) determined by CHN analysis were in good
agreement with that of thiourea (1:2), confirming that no decompo-

Table 2

sition of thiourea occurred during the solid-solid reaction and
washing procedure. Considering the expansion of the interlayer
space (ca. 0.7 nm) and the molecular size and geometry of thiourea
molecule, the intercalated copper thiourea complex was thought to
form a monolayer complex in between the silicate sheets.

In TG-DTA curves of Cu-montmorillonite-TU(6) (not shown), the
endothermic peaks due to the melting and vaporization of thiourea
at 179 and 230 °C were absent in the DTA curve, indicating that the
unreacted thiourea was not contained in the product. The endo-
thermic reaction started from room temperature, which corre-
sponded to a mass loss at the temperature range, was attributed to
desorption of the adsorbed water. The exothermic peaks observed at
around 200-350 °C were attributed to the oxidative decomposition
of the intercalated thiourea. The TG-MS analysis (He flow) showed
that the gas evolved at around 60 °C was water. The mass spectra
observed in the temperature range beyond 180 °C indicated the
peaks due to the ligand, suggesting the decomposition of thiourea
and/or copper thiourea complex. These observations confirmed the
intercalation of thiourea in the interlayer space.

The electron spin resonance (ESR) spectrum of Cu(Il)-montmo-
rillonite exhibited a resonance signal with a g value of 2.05. This
resonance was believed to be due to the paramagnetic copper(Il)
interlayer cation of montmorillonite (Clementz et al., 1973). The
absence of the resonance signal at g=2.05 in the ESR spectrum of
the product indicated that thiourea reacted with the copper(Il)
interlayer cation and reduced Cu(II) to Cu(I) (Kratochvil et al., 1966;
Doona and Stanbury, 1996) remained in the interlayer space as a
diamagnetic copper(I) thiourea complex, which was ESR silent.

In IR spectrum of the product (Table 2), the absorption bands due to
thiourea including NH, stretching (vny) at around 3100-3400 cm™ ),
NH, bending (8nu2) at around 1617 cm ™!, composed bands of NH,
rocking (pnuz2), N-C-N stretching (vcn) and C=S stretching (vcs) at
around 1476 and 1398 cm~ !, as well as C=S stretching (vcs) at
around 717 cm ™! (Yamaguchi, et al., 1958; Swaminathan and Irving,
1964; Bott et al., 1998) were slightly shifted compared to those of
thiourea molecules, confirming the intercalation of thiourea and in
situ complexation between thiourea and the interlayer cation. The
absorption band at 1474 cm™! of thiourea was slightly shifted
towards higher frequency (at 1476 cm™'). The band due to C=$S
stretching of the product appeared at 717 cm ™! was shifted to the
frequency lower than that of thiourea (at 730 cm™'). The shifts of
the absorption bands observed for the product were attributed the
increased double bond character of the C-N bond (Bott et al., 1998)
and the reduced double bond character of the C=S bond (Yamaguchi
etal, 1958), suggesting that the bonding between copper and sulfur
was predominant in the intercalation compound.

Raman spectrum of the product revealed the bands assigned to
thiourea such as N-C-N stretching (ven) at 1091 cm ™!, C=S stretching

Observed frequencies (cm ™) in infrared and Raman spectra of thiourea and the product prepared at the molar ratio of 6:1 for thiourea to copper(ll) interlayer cation.

Assignment Thiourea® Thiourea Cu(Il)-montmorillonite-TU(6)
IR R IR R IR R
VNH 3375 - 3382 - 3355 -
3273 - 3275 - 3303 -
3172 - 3177 - 3187 -
O, 1615 - 1618 - 1617 -
Ven 1472 - 1474 - 1476 -
PNH2, Vens Ves 1410 1383 1413 1385 1398 -
Ve, Pi, and ves 1083 1092 1084 1095 - 1091
Ves 728 732 730 736 717 721
Osen 480 476 488 482 - 474
SNeN - 413 - 410 - 437, 430, 422
Veus (3-coord Cu)? - - - - - 249
Veus (4-coord Cu)? - - - - - 221

2 Bott et al., 1998.
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Fig. 3. Raman spectra of Cu(Il)-montmorillonite-TU at the molar ratio of thiourea to
copper(ll) interlayer cation was 6:1 (a) and thiourea (b).

(ves) at 721 cm™ !, as well as S-C-N bending (8scn) and N-C-N
bending (Snen) at around 500-400 cm™! and they were slightly
shifted to the lower wavenumbers compared to those of the thiourea
molecules (Fig. 3 and Table 2), supporting the in situ complexation. In
the region below 300 cm ™, the bands due to Cu-S linkage (vcys) were
observed at 221 (s) and 249 (w) cm™ !, confirming the formation of
copper thiourea complex via sulfur atom. It was reported that the
Raman bands of a four-coordinate copper appeared below 230 cm™"
and that of a three-coordinate copper occurred in the higher region
(Bott et al., 1998) (Table 2). The clear observation of the Raman band
at 221 cm™ ! indicated that the four-coordinate copper, [Cu'(TU)4]™,
formed as a major product and that at 249 cm™! interpreted to the
three-coordinate copper, [Cu'(TU)s] ", obtained as a minor one in the
interlayer space (Doona and Stanbury, 1996). The molecular geometry
of the intercalated copper(I) thiourea complexes is still not clear at
the present.

4. Conclusions

Thiourea was successfully immobilized in the interlayer space of
Cu(Il)-montmorillonite by solid-solid reaction at room temperature.
The copper(Il) interlayer cation was reduced to copper(I) and formed
the copper(I) thiourea complexes in the interlayer space of montmo-
rillonite. The solid-state intercalation and in situ complexation
reported in the present paper was proved to be a way to prepare
layered silicate-copper(I) thiourea hybrid.
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Intercalation of semiconductor nanoparticles, copper sulfide or cobalt sulfide, into montmorillonite was
carried out by solid-solid reactions of Cu(Il)- or Co(Il)-montmorillonite with sodium sulfide at room
temperature. The intercalation compounds were characterized by X-ray diffraction, thermal analysis,
transmission electron microscopy, Raman, UV-visible and photoluminescence spectroscopy. The photo-
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storage at room temperature for several months.
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1. Introduction

Intercalation of organic and inorganic guest species in the
interlayer spaces of inorganic layered materials had attracted
increasing interest from a wide range of fundamental and practical
viewpoints (Lagaly et al., 2006; Ogawa, 2004). Among possible
layered inorganic materials, smectites were studied widely for
designing organic-inorganic and inorganic-inorganic hybrids because
of its stability and ability to accommodate a wide variety of organic
and inorganic species (Ogawa and Kuroda, 1995, 1997). To design
novel host-guest systems for possible applications, new or modified
preparation procedures are of the interested topics in this field. We
were interested in solid-solid reactions because of the ease of
operation and the possibility to prepare compounds not accessible
from solutions (Patil et al, 1984; Toda et al., 1987). Solid-state
intercalation of metal chelates into smectites was previously studied
(Khaorapapong and Ogawa, 2007, 2008; Khaorapapong et al., 2000,
2001, 20023, 2002b; Ogawa et al., 1991). As an extension of the solid-
solid reactions, we recently reported the solid-state reactions and in
situ formation of ZnS, CdS, MnS and NiS into montmorillonite
(Khaorapapong et al., 2008a,b, 2009, 2010).

Semiconductor particles such as copper sulfide and cobalt sulfide
have attracted much attention due to their unique optical and
electrical properties. The property, morphologies and stoichiometric
compositions of the metal sulfides including CuS, Cu,S, CugSg, Cu;Sy,

* Corresponding author. Tel.: +66 43 202222 41x12370 2; fax: +66 43 202373.
E-mail address: nithima@kku.ac.th (N. Khaorapapong).

0169-1317/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.clay.2010.10.030

CoS, CogSg, Co3S4 and CoS, (Chen et al., 2007; Eze and Okeke, 1997;
Jiang et al., 2000; Kalyanikutty, et al., 2006; Kore et al., 2001; Qian
et al.,, 1998; Wang et al., 1999, 2005) were affected by the synthetic
routes. In addition, the shape, size and dispersion of nanoparticles in
the solid samples depended on the nature of layered host materials
and host-guest interactions as well as the way of preparation
(Németh et al., 2003; Papp et al., 2001, 2004). CuS nanowire arrays
were fabricated in anodic alumina membranes by electrodeposition
(Wu et al., 2008). Ternary CoS nanoparticles were obtained inside and
outside of mesoporous silica (AIMCM-41) (Sohrabnezhad et al.,
2008a). The encapsulation of CoS in mordenite by sulfidation (Sadjadi
et al., 2007) and in Y-zeolite by hydrothermal reaction (Zhai et al.,
2002) was accomplished. Since the properties of copper sulfide and
cobalt sulfide are strongly dependent on the particle shape, size,
distribution and surface properties, the crystal structure and opto-
electronic properties of the metal sulfides may be varied depending
on the microenvironment of layered inorganic matrices.

In this study, the solid-solid reactions between Cu(II)- or Co(II)-
montmorillonite and sodium sulfide at room temperature and
subsequent heating at 200 °C were investigated to form copper
sulfide- and cobalt sulfide-montmorillonite hybrids. The long term
stability of the composite materials should be of interest in materials
chemistry since reactions at room temperature for long periods were
scarcely investigated.

2. Experimental

Montmorillonite, Kunipia F (Kunimine Industries), was used as the
host material. The cation exchange capacity (CEC) was 1.19 meq/g.
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Sodium sulfide (Na,S-xH,0) was purchased from Aldrich. Cobalt
chloride (CoCl,-6H,0) and copper chloride (CuCl,-2H,0) were
supplied by Univar and BDH. All chemicals were of analytical grade
and were used without further purification. Cu(Il)- and Co(II)-
montmorillonites were prepared by conventional ion exchange. The
reactions of sulfide ions (from Na,S) with Cu(Il)- and Co(II)-
montmorillonites were carried out by solid-solid reactions as
reported previously (Khaorapapong et al., 2008a,b, 2009). The molar
ratio of sulfide ions to Cu(Il) or Co(II) was 1:1. After the reactions, all
samples were heated at 200 °C for 1 h in air and allowed to stand in a
desiccator with silica gel at room temperature.

XRD patterns were obtained on a Bruker D8 ADVANCE diffrac-
tometer using monochromatic CuKa radiation. TEM images were
taken on a JEOL JEM-2010 transmission electron microscope with an
accelerating voltage of 200 kV. The Raman spectra were recorded on a
Jobin Yvon T64000 System Raman spectrometer with a 30 mW argon
ion laser operating at 514 nm for excitation. Diffuse reflectance
spectra were recorded with a Shimadzu UV-VIS-NIR-3101PC scan-
ning spectrophotometer using an integrated sphere. TG-DTA curves
were performed with a Perkin Elmer Pyris Diamond TG-DTA at a
heating rate of 10 °Cmin~! under dry air flow using a-Al,O5 as a
standard material. Inductively couple plasma data were obtained with
a Perkin Elmer Optima 2100DV ICP-OES. Luminescence spectra were
carried out on Shimadzu RF-5301PC spectrofluorophotometer with
the excitation at 340 nm.

3. Results and discussion

The mixture of Cu(II)-montmorillonite or Co(II)-montmorillonite
with Na,S gave green and black powders with basal spacings (dgg;) of
1.26 and 1.25nm (Table 1) after the solid-solid reactions. The
products were abbreviated as Cu-montmorillonite-Na,S and Co-
montmorillonite-Na,S.

By heating at 200 °C, the basal spacings of the heated Cu-
montmorillonite-Na,S and heated Co-montmorillonite-Na,S became
1.15 and 1.19 nm, indicating the expansions of the interlayer spaces.
The color changes and the increased basal spacings were ascribed to
the intercalation of sulfide ions and in situ formation of copper sulfide
or cobalt sulfide particles in the interlayer spaces. After storage
(4 months), the basal spacings of the heated Cu-montmorillonite-
Na,S (Fig. 1a) and heated Co-montmorillonite-Na,S (Fig. 1b) were
1.21 and 1.19 nm. No reflections due to CuS or CoS, Na,S and other
compounds were seen in the XRD patterns of the heated products,
suggesting that deintercalation did not occur after storage.

The TEM micrographs of the heated products (4 months) showed
the platy morphology of the silicate layers (lighter contrast) covered
with the copper sulfide or cobalt sulfide particles, which exhibited
darker contrast than the silicate layer. The intercalated copper sulfide
and cobalt sulfide formed round shaped particles with an average
diameter of ca. 2-9 nm. We believed that the darker characteristic
images of the particles (Fig. 2b) should be caused by overlapping
particles compared with the lighter images of the isolated particles
and/or the formation of the metal sulfide particles on the external
surface of montmorillonite. Taking the expansion of the interlayer

Table 1
Basal spacings of hydrated montmorillonites, as-synthesized, heated (200 °C) and
stored (4 months) products.

Sample Basal spacing, dgo1 (nm)

After reaction® After heating After 4 months
Cu(Il)-montmorillonite 1.26 - -
Co(II)-montmorillonite 1.48 - -
Cu-montmorillonite-Na,S 1.26 1.15 1.21
Co-montmorillonite-Na,S 125 1.19 1.19

¢ At room temperature.
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Fig. 1. XRD patterns of (a) heated Cu-montmorillonite-Na,S (4 months), (b) heated Co-
montmorillonite-Na,S (4 months), (c¢) Cu(ll)-montmorillonite, (d) Co(II)-
montmorillonite.

spaces (dgo1) of the heated products (ca. 0.2 nm) and the average size
of the particles (2-9 nm) into account, the intercalated copper
sulfides and cobalt sulfides formed disk or plate-shape particles
with the thicknesses of ca. 0.2 nm and diameters of ca. 2-9 nm.

After 4 months, the heated Cu-montmorillonite-Na,S showed a
sharp and strong Raman band at 423 cm™ ! (Fig. 3), while no Raman
band was observed for the heated Co-montmorillonite-Na,S. The copper
sulfide thin film exhibited a strong and sharp Raman band due to the
lattice vibration of CuS at474 cm™ ! (Minceva-Sukarovaetal., 1997). The
MnS particles in montmorillonite showed a characteristic Raman band at
510 cm™ ! (Khaorapapong et al., 2008b, 2009). The shift of the Raman
band of copper sulfides in montmorillonite to lower wavenumbers and
the disappearance of the corresponding band for cobalt sulfide were
probably caused by the changes in the microenvironment and/or
microstructure of copper sulfide and cobalt sulfide particles.

Two stages of mass losses were observed in the TG curves of the two
products (not shown). The first stage was observed below 225 °C for Cu-
montmorillonite-Na,S or below 200 °C for Co-montmorillonite-Na,S.
The corresponding DTA curves showed the endothermic peaks at 70 °C
for Cu-montmorillonite-Na,S, and at 46 °C and 77 °C for Co-montmoril-
lonite-Na,S, indicating the removal of adsorbed water. The second stage
observed between 225-782 °C for Cu-montmorillonite-Na,S and 200-
793 °C for Co-montmorillonite-Na,S was ascribed to the decomposition
of copper sulfide (Dunn and Muzenda, 2001) or cobalt sulfide (Qian et al.,
1998) and dehydroxylation of structural OH groups of montmorillonite
(Guggenheim and Koster van Groos, 2001). This thermal behavior
confirmed the formation of copper sulfide and cobalt sulfide.

The absorption spectrum of the as-prepared Cu-montmorillonite-Na,S
showed an onset at 558 nm, a small band at 448 nm, and a broad band
beyond 800 nm (Fig. 4a). All the UV-visible spectra of various CuS
nanostructures showed a broad band in the region between 300 and
650 nm with a small shoulder and the increased near-IR band (Xu et al,,
2006; Zhang and Gao, 2003; Zhang and Wong, 2009; Zhao et al., 2009).
The broad absorption band in near-IR region of green CuS sample was
attributed to overlapping d-d transitions of copper(ll) in a trigonal
coordination (Silvester et al., 1991) and/or charge transfer from a valence
band of the CusS core to a middle-gap state of the Cu-0O shell due to surface
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Fig. 2. TEM images of (a) heated Cu-montmorillonite-Na,S (4 months), (b) heated Co-
montmorillonite-Na,S (4 months).

oxidation (Brelle et al., 2000). The absorption spectrum of the as-prepared
Co-montmorillonite-Na,S revealed an onset at 317 nm (not shown). CoS
bulk evinced the absorption edge at 347 nm, while CoS in mordenite
showed the absorption edge at 322 nm (Sadjadi et al., 2007; Sohrabnez-
had et al.,, 2008b). No emission band was observed for the as-prepared
products. Cus fibres did not show a PL signal at 400-800 nm (Jiang et al.,
2000). This observation was attributed to the formation of non-
luminescent CuS and CoS in the interlayer spaces.

After heating at 200 °C, the absorption onset remained at the same
position (558 nm) and the broad absorbance from 350 to 550 nm as
well as the near-IR band of the heated Cu-montmorillonite-Na,S were
seen accompanied by the shift of a weak absorption band at 448 nm to
471 nm. The absorption intensity of the near-IR region beyond 800 nm
was decreased, indicating that the amount of intercalated CuS particles
was reduced by heating (Drummond et al., 1999). The red shift of the
weak band indicated that the dehydrated clay mineral surface provided
adifferent polarity environment compared with the hydrated surface, or
the difference in morphology and/or the appearance of a new phase. The
absorbance of the heated Co-montmorillonite-Na,S also showed the
weakening of the broad maximum at 300-800 nm, suggesting changes
of the composition of heated Co-montmorillonite-Na,S. No emission

423 cm™

Intensity/ a.u.

WMNWWW%WWW

T T T T T T T T T T T
300 350 400 450 500 550 600
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Fig. 3. Raman spectrum of heated Cu-montmorillonite-Na,S (4 months).

band was observed for the heated Co-montmorillonite-Na,S, while
weak intensity of the emission band at 439 nm was seen for the heated
Cu-montmorillonite-Na,S (Fig. 5e). This result suggested that the
luminescent phase of copper sulfides or cobalt sulfides did not formed
by heating, and/or the iron ions as impurity in montmorillonite acted as
quenching agent to the new luminescent phases of copper sulfides or
cobalt sulfides that formed only small amounts.

After 4 months, the absorption onset (558 nm) and peak (471 nm)
were observed at the same wavelength of the heated Cu-montmoril-
lonite-Na,S (Figs. 4c and 5a). The absorption of the near-IR band and

Absorption intensity/ a.u.

T T T T T T T T T
200 300 400 500 600 700 800
Wavelength/ nm

Fig. 4. Diffuse reflectance absorption spectra of (a) as-prepared Cu-montmorillonite-Na,S,
(b) heated Cu-montmorillonite-Na,S, (c) heated Cu-montmorillonite-Na,S (4 months),
(d) heated Cu-montmorillonite-Na,S (16 months).
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Fig. 5. Diffuse reflectance absorption spectra of (a) heated Cu-montmorillonite-Na,S
(4 months), (b) heated Co-montmorillonite-Na,S (4 months), (c) montmorillonite, (d)
Na,S, and luminescence spectra of (e) heated Cu-montmorillonite-Na,S (f) heated Cu-
montmorillonite-Na,S (4 months), (g) heated Co-montmorillonite-Na,S (4 months).

broad absorption at 300-550 nm were further weakened. The small
absorption peak at 366 nm was also seen in UV-visible spectrum of the
heated Co-montmorillonite-Na,S (4 months) (Fig. 5b). The absorbance
of Cu;S,4 nanoparticles at 450-550 nm (Behboudnia and Khanbabaee,
2007) as well as that of CugSg and Cu5S,4 showed small peaks at 440 and
443 nm (Jiang et al., 2000). The change of the absorption spectrum
suggested the change of morphology and/or composition of the
intercalated metal sulfide particles.

The emission peaks at 439 nm for the heated Cu-montmorillonite-
Na,S (4 months) (Fig. 5f) and at 440 nm for the heated Co-
montmorillonite-Na,S (4 months) (Fig. 5g) were clearly observed.
The luminescence band of CuS nanowires showed at 423 nm (Zhang
and Wong, 2009), and those of CuS nanorods revealed at 515 nm (Roy
and Srivastava, 2007), as well as at 414 and 437.5 nm (Ou et al., 2005).
To the best of our knowledge, no PL spectrum of CoS was reported so
far. We reported that the structure of smectites provided two
electron-donating sites on the smectite surfaces (Kakegawa et al.,
2003). Therefore, the appearance of new luminescent phases of the
sulfides as indicated in the absorption and emission spectra of the
heated products was thought to be caused by the electron-donating
ability of montmorillonite. In the absence of coordinated water and
presence of sodium ions, the non-stoichiometric copper sulfides or
cobalt sulfides such as Cu, S or Co, S were thought to form as
intermediary phases and then slowly transformed into Cu,S (Débart,
et al., 2006) or Co,S, according to the reactions:

2CuS + 2Na ' —Cu,S + Na,S

2C0S + 2Na” —Co,S + Na,S

The morphology of copper sulfide or cobalt sulfide particles in the
interlayer spaces could be only parallel to the silicate layers while free
metal sulfides would aggregate in all directions. This may be the cause of
the very slow PL appearance of the emissive copper sulfides or cobalt
sulfides.

The absorption spectra of the heated Cu-montmorillonite-Na,S
(16 months) showed the onset at 532 nm (Fig. 4d). In addition, the
absence of the band at 471 nm, and the steep decrease of the near-IR
band and absorbance between 300 and 650 nm were observed. The
UV-visible spectra of the sulfides in many compounds such as Cu,S
(Zhang and Gao, 2003), Cu, _,S (x=0.2, 0.03) (Zhao et al., 2009),
CugSg and Cu;S4 (Jiang et al., 2000) exhibited the absence of the near-
IR band. As the onset of heated Cu-montmorillonite-Na,S (4 months)
at 558 nm was shifted to 532 nm for heated Cu-montmorillonite-Na,S
(16 months), the size of copper sulfide particles was reduced. In
contrast to the absorption spectrum of heated Co-montmorillonite-
Na,S (16 months) the onset and the band due to cobalt sulfide
remained at 317 nm and at 366 nm but the absorbance at 300-
800 nm was reduced. The decrease of the absorbance of the heated
products (16 months), and the absence of the band at 471 nm and the
extremely decreased intensity of the near-IR band of heated Cu-
montmorillonite-Na,S (16 months) may be a consequence of the
reduced amounts of CuS and CoS nanoparticles and/or the formation
of the other sulfide phases in the interlayer spaces, as well as the
change in the composition and/or morphology.

The emission bands of the heated products (16 months) were
almost remained at the same wavelength. The luminescence intensity
of the heated Co-montmorillonite-Na,S (16 months) was slightly
increased, whereas the intensity of the luminescence band of heated
Cu-montmorillonite-Na,S (16 months) was 5 times higher than that
of the 4 months product. We assume that the intercalated cobalt
sulfide particles were stabilized at the composition formed within
4 months, while the structure and size of the immobilized copper
sulfides still further changed. It was reported that the emission
intensity of copper sulfide nanoparticles was higher than that of the
larger particles because of the increase in the oxygen vacancy on the
solid surface and/or defects with decreasing size (Lou et al., 2003).
This result was consistent with the blue shift of the absorption onset
from 558 nm for Cu-montmorillonite-Na,S (4 months) to 532 nm for
Cu-montmorillonite-Na,S (16 months) in the absorption spectra,
which was due to the quantum size effect (Roy and Srivastava,
2007). The increase of the emission maximum of the heated products
(16 months) was possibly due to the decrease of the size and/or
increase of the amount of luminescent phases of sulfide particles.

To study the optical properties of the free nanoparticles, the
intercalated nanoparticles were removed by stirring the products
(16 months) in 1:1 water/ethanol for 1 h. The emission bands of the
dispersed copper sulfide and cobalt sulfide nanoparticles located at 437
and 438 nm (not shown), and a higher intensity was observed than for
the dispersed copper sulfide particles. The emission maxima of the
dispersed sulfide particles were located almost at the same wavelength
compared to the heated products in solid-state (16 months). We assume
that similar crystalline structures were responsible for this effect.

4. Conclusions

The immobilization of copper sulfide and cobalt sulfide nanoparti-
cles in the interlayer spaces of montmorillonite was investigated via
solid-solid reactions and in situ formation between Cu(Il)- or Co(Il)-
montmorillonite and sodium sulfide, and subsequent heating at 200 °C.
The appearance of the absorption and emission bands after 4 months
was attributed to the formation of new luminescent phases in the
interlayer spaces. The change of morphology and microstructure of
copper sulfides or cobalt sulfides were achieved by the host-guest
complexation of the sulfides and montmorillonite.
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The new hybrid materials of zinc oxide with montmorillonite were synthesized by a reaction between the
aqueous solutions of the reactants of zinc oxide (zinc chloride and sodium hydroxide solutions) and
montmorillonite or hexadecyltrimetylammonium-montmorillonite. The hybrids were characterized by
powder X-ray diffraction, Fourier transform-infrared, UV-visible and photoluminescence spectroscopies. The
diffuse reflectance absorption spectra of the hybrids exhibited the absorption onsets at 375 nm for zinc oxide-
montmorillonite and at 378 nm for zinc oxide-hexadecyltrimetylammonium-montmorillonite, respectively,
confirming the formation of zinc oxide in the hybrid materials. The photoluminescence bands of both hybrids,
which can be attributed to singly ionized oxygen vacancy in zinc oxide, were observed at 548 nm. The
enhancement in emission intensity of the zinc oxide hybrids may be probably due to increase in oxygen

vacancies defect arose by the surrounding environment of montmorillonite.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The preparation of inorganic nanoparticles with controlled structures,
morphologies in solid matrices is an interesting topic from basic scientific
and practical studies [1]. Smectites, a 2:1 type layered silicate, including
montmorillonite exhibit beneficial properties, such as large surface area,
swelling behavior, adsorptive property and ion exchange property [2].
The surface of montmorillonite can be used to prevent the guest particles
from aggregation. Taking advantages of smectites for nanoparticle
preparation and immobilization, the hybrid materials of smectite-
semiconductor particles including metal [3], metal oxides [4-6], and
metal sulfides have been successfully prepared and evaluated [7-11].
Organophilic-smectites, which are long-chain organoammonium ex-
changed smectites, are also known to support inorganic nanoparticles to
form hybrids.

In this paper, we report the preparation of zinc oxide in the aqueous
clay suspension. Zinc oxide (ZnO) is one of semiconductors studied most
extensively because of its interesting characteristics such as a direct
band gap (ca. 53 eV) at 300K, large exciton binding energy (ca.
60 meV), high melting temperature (2248 K) and so on [12]. It has been
reported that inorganic-organic or inorganic-inorganic hybridized in
nanometer scale may provide a combination of properties of both
species and have advanced functions depending on the compositions
[13,14]. The nanostructures of ZnO hybrid materials dominated by the
mesoporous silica and clay mineral were reported [15-17]. Zinc oxide
nanoparticles coated with titania/polydimethylsiloxane hybrid were
synthesized by co-hydrolysis and co-condensation [18]. Due to the

* Corresponding author. Tel.: +66 43 202222 41x12370 2; fax: +66 43 202373.
E-mail address: nithima@kku.ac.th (N. Khaorapapong).
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interesting properties and potential applications of ZnO nanostructures
and hybrids that differ from those of bulk crystals, novel efficient
synthesis method and/or hybrided species are required. Here, we report
the preparation and the optical properties of ZnO-montmorillonite
hybrids.

2. Experimental

The sodium montmorillonite used in the present study was
Kunipia F (the reference clay sample of the Clay Science Society of
Japan) obtained from Kunimine Industries, Japan. The cation ex-
change capacity (CEC) of Na-montmorillonite is 119 meq/100 g of
clay. Zinc chloride (ZnCl;) and sodium hydroxide (NaOH) were
obtained from Carlo Erba Reagenti. Hexadecyltrimetylammonium
(HDTMA) bromide was purchased from Sigma-Aldrich. All chemicals
were used without further purification.

Zn0O was synthesized by the reaction between zinc chloride and
sodium hydroxide at the molar ratio of Zn>":0H~ was 1:15. The
aqueous solution of zinc chloride was mixed with sodium hydroxide
solution and vigorously stirred at 70 °C for 24 h. HDTMA exchanged
montmorillonite was prepared by a conventional ion exchange reaction
of Na-montmorillonite and aqueous solution of HDTMA bromide [19].
ZnO-montmorillonite and ZnO-HDTMA-montmorillonite were pre-
pared by adding the aqueous mixture of zinc chloride and sodium
hydroxide solutions into the suspension of Na-montmorillonite or
organomontmorillonite with continuous stirring at 70 °C and the
mixture was allowed to react for 24 h. The amount of zinc oxide in
each sample was 0.0610 g per 0.1 g of clay. The resulting solids were
separated by centrifugation, washed several times with deionized
water, and dried at 50 °C for 3 days.
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X-ray diffraction (XRD) data were obtained on a Bruker D8
ADVANCE diffractometer using monochromatic CuKo radiation. SEM
micrographs were carried out on a Hitachi-52380N scanning electron
microscope. TEM images were taken on the Hitachi H-8100A and H-
7650 transmission electron microscopes. Fourier transform-infrared
(FT-IR) spectra were recorded on a Perkin-Elmer Spectrum One FT-IR
spectrometer using KBr pellet method. Raman spectra were per-
formed on Renishaw inVia Raman microscope. Diffuse reflectance
absorption spectra of the solid samples were performed on a
Shimadzu UV-VIS-NIR-3101PC scanning spectrophotometer using
an integrated sphere. Photoluminescence spectra were measured on a
Shimadzu RF-5301PC spectrofluorophotometer in the wavelength
range of 300-900 cm™ ' with the excitation wavelength at 350 nm.

3. Results and discussions

The XRD patterns of ZnO-montmorillonite and ZnO-HDTMA-
montmorillonite hybrids are shown in Fig. 1 together with that of Na-
montmorillonite. The reflections of ZnO crystal as shown in the inset
of Fig. 1 located at d =0.28, 0.26 and 0.25 nm, while the basal spacing
(doo1) of Na-montmorillonite was observed at low angle region
(26<10°, d=1.24 nm) (Fig. 1c). After the reactions, the dyp; peak of
ZnO-montmorillonite and ZnO-HDTMA-montmorillonite shifted
towards to lower angle side when compared with Na-montmorillo-
nite and the reflections due to ZnO were also seen at higher angle
region. The basal spacing of ZnO-montmorillonite and ZnO-HDTMA-
montmorillonite were 1.52 (Fig. 1b) and 2.02 nm (Fig. 1a), respec-
tively. The gallery heights were determined to be 0.56 for ZnO-
montmorillonite and 1.06 nm for ZnO-HDTMA-montmorillonite by
subtracting the thickness of the silicate layer (0.96 nm) [4], showing
the expansion of the interlayer spaces that may thought to be caused
by the intercalation of ZnO particles and/or organic species. All of the
reflections at d =0.28, 0.26 and 0.25 nm of ZnO and the hybrids are
well confirmed to a ZnO hexagonal wurtzite lattice, according to
JCPDS card number 36-1451. The appearance of the reflections due to
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Fig. 1. XRD patterns of (a) ZnO-HDTMA-montmorillonite, (b) ZnO-montmorillonite,
and (c) Na-montmorillonite and (inset) ZnO crystal.

ZnO crystal in the XRD patterns of ZnO-montmorillonite and ZnO-
HDTMA-montmorillonite was ascribed to the formation of ZnO on the
solid surfaces.

Morphologies of the products were examined by SEM and TEM
analyses. The images of ZnO (Fig. 2a,d) showed flower like micro-
structures (averaged diameter of ca. 1.5 um) composed of hexagonal
ZnO rods. The flower-shaped structures with the average diameter ca.
1.2 and 1.4 um were seen on the external surface of clay mineral for ZnO-
montmorillonite (Fig. 2b,e) and ZnO-HDTMA-montmorillonite (Fig. 2c),
respectively. The presence of some ZnO nanoparticles embedded in the
interlayer space of montmorillonite was also seen on the edge of silicate
layers for ZnO-montmorillonite (not shown) and ZnO-HDTMA-
montmorillonite (Fig. 2f). The images of the hybrid materials indicated
the decrease of size and size distribution ZnO particles on the surface of
clay mineral, which were consistent with the blue shift of the absorption
onsets and increase of PL intensities mentioned below.

The Raman spectrum of ZnO (Fig. 3) showed a sharp and strong Raman
active peak at 441 cm ™!, which can be attributed to the optical phonon E,
mode of hexagonal wurtzite ZnO and the Raman peaks at 338 and
1122 cm™! correlated to Eop—Eoy (multiple-phonon scattering process),
and 2A,; or 2E;; modes [20,21]. In addition, the Raman band at around
576 cm™ ! assigned to the E;. mode was caused by the impurities and
defects in ZnO such as oxygen vacancies and zinc interstitials [20]. On the
other hand, the Raman spectra ZnO-montmorillonite and ZnO-HDTMA-
montmorillonite (not shown) did not show any Raman lines in the
wavenumber of 200-1200 cm™'; we assume that the products exhibited
the extremely strong luminescence, which covered the weak Raman
signals [22]. In FT-IR spectrum of ZnO-HDTMA-montmorillonite, the
characteristic bands due to asymmetric and symmetric -CH, stretching
vibrations modes of amine [23] were slightly shifted to higher frequency
regions at 2923 and 2851 cm™, respectively, when compared to those
observed for HDTMA (at around 2918 and 2850 cm™!), indicating the
formation of HDTMA in montmorillonite. The Zn-0 stretching vibration
bands (at around 429-547 cm™!) [24] were not seen in the FT-IR spectra
of the two hybrids because of the overlapping with the absorption bands
due to Si-0-Si bending vibration of montmorillonite appeared at 522 and
467 cm™! [25]. The FT-IR spectra of the products did not shown any
additional bands, suggesting that no other species was formed during the
reactions.

The diffuse reflectance absorption spectra of ZnO, ZnO hybrids and
Na-montmorillonite were obtained. The UV-visible spectrum of ZnO
showed an absorption onset at 383 nm (3.31eV) (Fig. 4a). The
characteristic onsets of ZnO-montmorillonite and ZnO-HDTMA-
montmorillonite appeared at 375 (ca. 3.33 eV) (Fig. 4b) and 378 nm
(ca. 3.39eV) (Fig. 4c), respectively. The absorption edge of ZnO
nanoparticles dispersed in DMSO was found at 348 nm and those of
ZnO nanoparticles in the presence of montmorillonite revealed at
272.2, 277.7 and 365.1 nm [26]. The absorption onsets of calcined
ZnO/LDHs were reported at around 390 nm [27]. The absorption band
at around 350 nm was observed for zinc oxide in mesoporous silica
[28]. This observation was attributed to the formation of ZnO-
montmorillonite and ZnO-HDTMA-montmorillonite hybrids. The
absorption onsets of the hybrids were slightly blue shifted with
respected to the ZnO phase, indicating the slight decrease of the size
and size distribution of ZnO formed in the hybrids.

The photoluminescence band of ZnO was observed at 544 nm
(Fig. 4g) and those of ZnO hybrids were remarked at 548 nm (Fig. 4e,f).
The luminescence band in UV region of ZnO showed at 380 nm and the
green emission exhibited at 515 nm [29]. The emission band of colloidal
Zn0 appeared at around 526 nm and those of mesoporous silica-
modified ZnO and ZnO-coated polystyrene were observed at around
520 nm [30]. It is well known that ZnO reveals four emission bands in PL
spectrum: (1) near band edge emission (UV emission) corresponding to
free-exciton recombination appeared at around 380 nm, (2) blue
emission due to intrinsic defects such as oxygen and zinc interstitials
exhibited at around 460 nm, (3) green emission caused by impurities, a
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Fig. 2. SEM and TEM images of (a, d) ZnO, (b, e) ZnO-montmorillonite, and (c, f) ZnO-HDTMA-montmorillonite.
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structural defects in the crystal such as oxygen vacancies, zinc
interstitials and so on showed at around 540 nm and (4) red emission
owing to oxygen and zinc anti-sites arose at around 630 nm [31]. The
photoluminescent enhancement due to the concentration and energy
transfer from polyaniline to ZnO, and blue shifted emission band caused
by chemical interaction between NH groups of polyaniline chains and
surface zinc ions were significantly observed in the PL spectra of ZnO-
polyaniline film [32]. These observations suggested that the green
emission observed at around 548 nm for both products can be expected
for the formation of ZnO in the hybrids materials. By comparison with PL
intensity of ZnO (Fig. 4g), the enhancement in green emission intensity
of ZnO hybrids was thought to be due to the increase in oxygen
vacancies and/or the decrease of size as well as size distribution of ZnO
particles created by the surrounding environment of montmorillonite or
HDTMA-montmorillonite. The highest emission intensity took place in
the PL spectrum of ZnO-HDTMA-montmorillonite was attributed to
passivation of the ionized oxygen on ZnO surface by electrostatic
interaction between ZnO and the surfactant on the surface [33] and/or
prevention of the aggregation ZnO by HDTMA on the silicate layers.

The optical properties of ZnO are influenced by organically modified
and pristine montmorillonite surface. Further studies on the formation
of metal oxide hybrids by changing compositions, method and/or
layered inorganic solids are worth investigating to construct novel low
dimensional nanohybrid materials with useful properties.

4. Conclusions

Zinc oxide-montmorillonite hybrids were prepared by simply
synthetic method at low temperature. The powder diffraction data
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Fig. 4. Diffuse reflectance absorption spectra of (a) ZnO, (b) ZnO-montmorillonite,
(c) ZnO-HDTMA-montmorillonite, (d) Na-montmorillonite and photoluminescence
spectra of (e) ZnO-HDTMA-montmorillonite, (f) ZnO-montmorillonite and (g) ZnO.

and the absorption and luminescence spectra confirmed the forma-
tion of zinc oxide. The increase in green emission intensity of zinc
oxide in hybrid materials was caused by the surrounding environment
of montmorillonite or HDTMA-montmorillonite. The highest emis-
sion intensity of ZnO in HDTMA-montmorillonite is due to spatial
separation and/or interfacial effect of the surfactant adsorbed on the
solid surface.
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The immobilization of organically modified cadmium selenide on montmorillonite was investigated by
the reaction of modified cadmium selenide nanoparticles with montmorillonite. The intercalation of
the nanoparticles was indicated by the expansion of the interlayer space and spectroscopic observations.
The diffuse reflectance absorption spectrum of the product showed absorption onset at 567 nm. In com-
parison to the bulk cadmium selenide, the blue shift of the absorption onset of the hybrid was ascribed to
the quantum size effect of the modified cadmium selenide nanoparticles. This study provides a new
method for introducing nanoparticles into the interlayer space of layered inorganic materials.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Intercalation of guest species into layered inorganic solids is
a way of producing ordered inorganic-organic hybrids with
unique multilayered nanostructures controlled by host-guest and
guest-guest interactions [1,2]. Smectite is one of the layered hosts
studied most extensively owing to the stability of its structure and
ability to accommodate a wide variety of organic and inorganic
species [3]. Besides the molecular species, polymers and inorganic
nanoparticles have been intercalated into the interlayer space of
smectites. The spatial distribution and orientation of the guest
species in the hybrids can improve their physicochemical
properties that potentially can be used as advanced materials. Poly-
mer-clay composites have been utilized to replace various plastics
[4]. In addition, inorganic particles have been synthesized in the
interlayer space to produce inorganic-inorganic hybrids with
potential for catalysts and adsorbents [5-7]. Since the progress of
nanoparticle syntheses, the intercalation of presynthesized nano-
particles into the interlayer space has been a topic of interest
because the in situ particle formation in the interlayer space requires
careful experimentation and, as far as we know, it is difficult to pre-
cisely control the shape and the size of the forming nanoparticles.

Among functional hybrids, those with optical applications have
been investigated extensively partly because the nanostructures
significantly affect their performances. Accordingly, the organiza-
tion of photoactive species, including molecular species, polymers,
and semiconductor particles, on the surfaces of organic and
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inorganic materials has been conducted [7-20]. Cadmium selenide
(CdSe), one of the useful 1I-VI group semiconductors, has attracted
much interest because of its unique optical and electronic proper-
ties that may find applications as photocatalysts and photolumi-
nescent materials [21,22]. Since the characteristic features of the
hybrids are achieved by host-guest systems [3-6], the organiza-
tion of CdSe semiconductors on the inorganic materials is worth
the tailoring of the size, shape, and unique optical properties of
the nanoparticles.

In this study, we investigated the incorporation of hexadecylt-
rimethylammonium-capped cadmium selenide into the interlayer
space of montmorillonite. The hydrophilic surface of montmoril-
lonite is often not suitable for adsorbing poorly water-soluble
organic or inorganic guest species, while the organically modified
montmorillonite is a possible adsorbent for poorly water-soluble
species. Here the preparation of a cadmium selenide-hexadecylt-
rimethylammonium-montmorillonite hybrid was carried out by
the reaction between cadmium selenide-hexadecyltrimethylam-
monium and montmorillonite. The spectroscopic properties of
the hybrid were investigated to show the merit of the present
product and the preparative method.

2. Materials and methods
2.1. Materials
Na-montmorillonite used in the present study was Kunipia F

obtained from Kuminine Industries, Japan. Hexadecyltrimethylam-
monium (HDTMA) bromide (C;9H4,NBr) and selenium (Se)
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Fig. 1. X-ray diffraction patterns of (a) montmorillonite, (b) CdSe-HDTMA-mont-
morillonite, (inset) CdSe-HDTMA.

powder were purchased from Sigma-Aldrich. Cadmium sulfate
(CdS0O4 -8H,0) was obtained by Carlo Erba Reagenti. Sodium sulfite
(NaS03) was supplied by APS Finechem. All chemicals are
analytical grade and were used without further purification.

2.2. Preparation of cadmium selenide-hexadecyltrimethylammonium

The transparently orange solution of CdSe was prepared by a
reaction between an aqueous sodium selenosulfite (Na,SeSOs)
synthesized by refluxing the aqueous solution of Na,SOs; and Se
powder under stirring for 1 day, as well as an aqueous solution
of cadmium sulfate [23]. Then, a fresh solution of CdSe was added
into the hexadecyltrimethylammonium bromide solution. The
mixture was ultrasonicated for 3 h in order to produce the colloidal
cadmium selenide-hexadecyltrimethylammonium (abbreviated
as CdSe-HDTMA).

2.3. Intercalation of CdSe-HDTMA into montmorillonite

The dispersion of montmorillonite was poured into the colloidal
CdSe-HDTMA solution and the mixture was kept statically at 10 °C
for 1 day. Afterward, the bright orange solid was precipitated. The
resulting solid was separated by centrifugation, washed with
ethanol for several times, and dried in a desiccator for 5 days.
The product was denoted as CdSe-HDTMA-montmorillonite.

2.4. Characterization

X-ray diffraction (XRD) data were performed on a Bruker D8
ADVANCE diffractometer using monochromatic Cu Ko radiation.
A TEM image was taken on a Hitachi H-7650 transmission elec-
tron microscope with an accelerating voltage of 120 kV. Raman
spectrum was recorded on a Jobin Yvon T64000 System Raman
spectrometer with a 30 mW argon ion laser, operating at
514.5 nm. Diffuse reflectance absorption spectra of the solid
samples were measured on a Shimadzu UV-VIS-NIR-3101PC

scanning spectrophotometer using an integrated sphere. Photolu-
minescence (PL) spectra were recorded on a Hitachi F-4500 fluo-
rescence spectrophotometer at a temperature between 77 and
398 K with the excitation wavelength of 450 nm. The tempera-
ture was controlled by a closed-cycle liquid nitrogen cryostat
system with a programmable temperature controller (Oxford
DN-1704).

3. Results and discussion

After self-organization, the color of montmorillonite changed
from gray to bright orange. The X-ray diffraction pattern of
CdSe-HDTMA-montmorillonite is shown in Fig. 1 together with
those of montmorillonite and CdSe-HDTMA. The reflection appear-
ing at 20 = 25, 42, and 49° for CdSe-HDTMA (Fig. 1, inset) was as-
cribed to cubic CdSe (JCPDS 19191). No other diffraction peaks
were observed in the XRD pattern of CdSe-HDTMA, indicating that
the crystal structure of CdSe was not changed by capping with
HDTMA. The basal spacing of CdSe-HDTMA-montmorillonite
(Fig. 1b) was 1.95 nm, being increased from 1.23 nm for the hy-
drated montmorillonite (Fig. 1a). The gallery height of the hybrid
was determined to be 0.99 nm by subtracting the thickness of
the silicate layer (0.96 nm) from the observed basal spacing. No
diffraction peak due to CdSe particles was seen in the XRD pattern
of CdSe-HDTMA-montmorillonite, implying that the modified
CdSe particles did not form outside the interlayer space and/or an-
other possibility is that only small amounts of CdSe-HDTMA were
trapped on the outer surface of montmorillonite. Therefore, the
change in the color and the expansion of the interlayer space were
ascribed to the formation of the organically modified CdSe in the
interlayer space of montmorillonite. The hydrophilic interaction
between the CdSe-HDTMA and the interlayer sodium ions was
thought to be a driving force for the intercalation.

The morphology and the size of CdSe particle were investi-
gated by TEM measurements. The sheet-like morphology of
montmorillonite, which covered CdSe nanoparticles, was clearly
observed (Fig. 2a). The round-shaped nanoparticles with sizes
of 3-6nm were uniformly distributed on the solid surface.
Taking the expansion of the interlayer space of CdSe-HDTMA-
montmorillonite (ca. 0.99 nm) into account, the intercalated CdSe
nanoparticles probably were disk- or plate-shaped nanoparticles
with a thickness of ca. 0.99 nm and a diameter of ca. 3-6 nm,
where the disk or plate plane was oriented parallel to the sili-
cate layer. The Raman peak due to a longitudinal-optical mode
of CdSe exhibited at 206 cm~! for CdSe-HDTMA-montmorillon-
ite (Fig. 2b). Raman spectra of CdSe nanocrystals with particle
sizes of 3.52 and 2.26 nm showed the peak positions at 204.8
and 201.4 nm [24]. These observations confirmed the formation
of CdSe particles in montmorillonite.

The diffuse reflectance absorption spectra of CdSe-HDTMA-
montmorillonite, CdSe-HDTMA, and montmorillonite are shown
in Fig. 3. The absorption onset of CdSe-HDTMA-montmorillonite
was observed at 567 nm (Fig. 3a) and that of CdSe-HDTMA
appeared at 592 nm (Fig. 3b). The absorption onsets were not
evident in the absorption spectrum of montmorillonite (Fig. 3c).
From the absorption onsets of CdSe-HDTMA-montmorillonite
(567 nm) and CdSe-HDTMA (592 nm), the band gaps were calcu-
lated to be 2.22 and 2.05 eV, respectively. The absorption onset
of bulk CdSe was observed at 698 nm (1.78 eV) [25]. Other prior
reports clearly showed the blue shift of the absorption onsets at
619 nm for CdSe nanoparticles [26], at 580 nm for starch-capped
CdSe nanoparticles [9], and at 622 nm for CdSe in mesoporous
SBA-15 [18] compared to that of the bulk CdSe. Thus, the charac-
teristic absorption onsets observed at 567 nm for CdSe-HDTMA-
montmorillonite and at 592 nm for CdSe-HDTMA indicated the
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Fig. 2. (a) TEM image, (b) Raman spectrum of CdSe-HDTMA-montmorillonite.
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Fig. 3. Diffuse reflectance absorption spectra of (a) CdSe-HDTMA-montmorillonite,
(b) CdSe-HDTMA, (c) montmorillonite.

formation of CdSe nanoparticles. The CdSe-HDTMA-montmoril-
lonite exhibited an absorption onset at wavelengths lower than
that of CdSe-HDTMA, suggesting that the subsequent aggregation
of CdSe nanoparticles was interrupted by the restricted environ-
ment of montmorillonite. Moreover, an ionic interaction between
organically modified CdSe nanoparticles and layered silicate may
also prevent the interaction between CdSe nanoparticles.

The photoluminescence spectrum of CdSe-HDTMA-montmoril-
lonite measured at 298 K showed a strong emission peak at
507 nm with a full width at half-maximum (FWHM) of 30 nm, as
well as a weak emission peak at 550 nm with a FWHM of 49 nm
(Fig. 4). The PL bands of the other hybrid systems of cadmium sel-
enide such as starch-capped CdSe, cysteine-capped CdSe nanopar-
ticle, CdSe-polymers, and CdSe-mesoporous materials were also
observed at a wavelength of 400-700 nm [8-13]. The emission
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Fig. 4. Photoluminescence spectra of CdSe-HDTMA-montmorillonite, (inset) CdSe-
HDTMA at a temperature range of 77-398 K.

peaks of CdSe-HDTMA-montmorillonite due to the near band-
edge (507 nm) and deep-trap (550 nm) emissions can be attributed
to the presence of CdSe nanoparticles in the hybrid material
[10,17]. On the other hand, the PL spectrum at 298 K of CdSe-
HDTMA (Fig. 4, inset) revealed only a weak emission peak due to
the band-edge emission at 523 nm with a FWHM of 89 nm. By
comparison, the FWHM of the emission band of CdSe-HDTMA-
montmorillonite was narrower and the PL intensity was two times
higher than those of CdSe-HDTMA, indicating the uniform shape,
size, and size distribution of CdSe formed in the interlayer space
of montmorillonite [10,27,28]. The blue shift of the near band-edge
emission of CdSe-HDTMA-montmorillonite (507 nm) with respect
to the band-edge emission of CdSe-HDTMA (523 nm) was thought
to originate from the effects of quantum confinement and/or the ri-
gid nature of the silicate layer [29], and the trap emission of the
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modified CdSe in montmorillonite was arisen from the surface de-
fects and/or site-substituted impurities of the nanoparticles, which
were assumed to be caused by the clay mineral. These observations
presented that montmorillonite is an effective matrix that pre-
cisely controls the size, excessive aggregation, and dispersity of
the nanoparticles.

The photoluminescence spectra of CdSe-HDTMA-montmoril-
lonite at varying temperatures from 77 to 398 K showing the near
band-edge and deep-trap emission maxima in the ranges of 507-
516 and 548-550 nm are displayed in Fig. 4 together with those
of CdSe-HDTMA. The intensities of the emission bands of both
samples were gradually quenched as the temperature increased,
because the competitive nonradiation process occurring in CdSe
particles became effective [12,27]. It has been reported that the
red shift of the emission peak for a semiconductor with increasing
temperature involved shrinking of the energy band gap and exi-
ton-phonon coupling [30]. Interestingly, the PL spectrum of
CdSe-HDTMA-montmorillonite did not track as expected for
band-gap reduction. The blue shift of the near band-edge emission
was observed on heating from 77 to 248 K, implying a thermal
redistribution of excited electrons in the surface defects of CdSe
nanoparticles and their relaxation processes [31,32]. This result
was likely related to the rigid nature of the microenvironment of
CdSe. But the deep-trap emission of CdSe-HDTMA-montmorillon-
ite almost remained at the same wavelength or displayed a very
small shift (1-2 nm) on temperature (Fig. 4), indicating that the de-
fect state was not associated with quantum size effects [28].

On the other hand, the band-edge emission of CdSe-HDTMA
(Fig. 4 inset) without clay was hardly changed at higher tempera-
tures up to 398 K. Since the small size nanocrystal usually has
properties different from the larger one, the spectral shift occurred
only in the growth interruption; namely the near band edge of
CdSe-HDTMA-montmorillonite revealed the blue shift with
increasing temperature as noted above [31,32]. No spectral shift
of the band was observed in the PL spectrum of CdSe-HDTMA,; it
was complicatedly due to the formation of large size semiconduc-
tor particles in CdSe-HDTMA. These observations supported that
the restricted environment of montmorillonite played an essential
role in the temperature-dependent behavior of CdSe nanoparticles.
The present process is a promising way to improve the PL proper-
ties and tune the visible emission wavelengths of CdSe semicon-
ductors via the intercalation using the layered clay mineral as a
controlling material.

4. Conclusions

Surfactant-modified cadmium selenide nanoparticles were
immobilized on montmorillonite as shown by the absorption on-
sets in the visible absorption spectra and the photoluminescence.
The successful preparation of well-dispersed CdSe nanoparticles
in montmorillonite suggested that the growth and distribution of
CdSe particles, which directly correlate with their optical proper-
ties, can be controlled by the interactions with the silicate layer.
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Two luminescent hybrids, Znqb- and Zngp-montmorillonites (q = 8-hydroxyquinoline, b =
2,2'-bipyridine, p = 1,10-phenanthroline), were prepared by solid—solid reactions between
Zn(1)-montmorillonite and two ligands (8-hydroxyquinoline and 2,2’-bipyridine or
1,10-phenanthroline) at room temperature. The intercalation and in situ complex formation of the two
ligands into an interlayer space of Zn(11)-montmorillonite were confirmed by powder XRD, TG-DTA,
as well as FT-IR, UV-vis and photoluminescence spectroscopies. The emission band of
Zngb-montmorillonite was red-shifted compared to that of the mixture of Zng-montmorillonite and
Znb-montmorillonite, confirming the formation of Zngb complex in montmorillonite. The
photoluminescence intensity of Zngb-montmorillonite was higher than that of Znqp-montmorillonite,
indicating that 2,2’-bipyridine enhanced the emission intensity of zinc(8-hydroxyquinoline) complex in
montmorillonite, while the coordination of 1,10-phenanthroline quenched the intensity of the

immobilized chelate.

Introduction

The organization of photo and electroluminescent metal com-
plexes within ordered structures has attracted great attention
because of the excellent luminescent properties towards the
scientific study and potential application for light emitting
diodes (LEDs).! The hybrid materials of various inorganic sub-
stances containing metal complexes such as [Ru(bpy),]**-niobates
and titanates,> [Co(NH;),]**- and [Co(NHj;);CI]**-manganese
oxide,®* [Eu(bpy),]**-bentonite,* [Ru(bpy);]**-zeolite Y,® [Al(8-
hydroxyquinoline);]-mesoporous silica®’ have been synthesized,
and their properties and applications have been proposed so far.
The confinements of metal complexes in nanospace have been
done by utilizing in situ complex formation and/or immobilization
of pre-synthesized metal complexes into the inorganic solids.
Layered clay minerals act as a scaffold for immobilizing
metal complexes. Smectite, a group of 2: 1 layered clay minerals,
provides such attractive properties as ion exchange property, large
surface area, and two dimensional expandable interlayer spaces
for accommodating guest species.’® Accordingly, intercalation
compounds of smectites with various metal complexes includ-
ing copper(i1)-arene,’ [Ni(phen);]**,' [Fe(phen),;J**,!* [Rh(PPh;),]*

“Department of Chemistry and Center of Excellence for Innovation in
Chemistry, Faculty of Science, Khon Kaen University, Khon Kaen 40002,
Thailand. E-mail: nithima@kku.ac.th; Fax: +66-4320-2373; Tel: +66-4320-
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*Department of Earth Sciences and Graduate School of Creative Science and
Engineering, Waseda University, Nishiwaseda 1-6-1, Shinjuku-ku, Tokyo
169-8050, Japan

T Electronic supplementary information (ESI) available: TG-DTG curves
and FT-IR data. See DOI: 10.1039/c0dt01736a

and [Rh(PPh;);]* (PPh; = triphenylphosphine),’* [Fe((N-methyl-
4-pyridiniumyl)porphyrin),]**,"* as well as [Ru(bpy);]*****® have
been prepared and the properties of the intercalates have been
examined extensively.

For the preparation of metal complex-smectite hybrids, we
have found that the solid-solid reaction is one of the suitable
method, due to the ease of operation and possibility to prepare
the compounds, which are not accessible from solutions and
so on."”® We have successfully prepared metal chelates in the
interlayer spaces of smectites including montmorillonite by solid—
solid reaction and in situ complex formation." Because of the
advantages of the synthetic methodology, the effect of solid-
state intercalation of metal complexes in clay minerals on their
structures and properties is worth investigating for constructing
novel low dimensional nanohybrid materials.

In the present study, we examined the preparation of
mixed-ligand zinc(1r) complexes, zinc(8-hydroxyquinoline)(2,2’-
bipyridine) and zinc(8-hydroxyquinoline)(1,10-phenanthroline),
in the interlayer spaces of montmorillonite, and their optical prop-
erties as well as thermal stability were studied. Among the lumines-
cent materials for LEDs, metal complexes of 8-hydroxyquinoline
(abbreviated as 8hq, Scheme la) and its derivatives have been
investigated to adjust the emitting colour.?** The synthesis and
molecular design of the metal complexes depend on both the selec-
tion of metal ion center and organic ligand. The substitutions of
8hq including replacement with monodentate ligand are effected to
the emission of complexes.”*?® Due to their relatively high thermal
stability and electroluminescent property for LEDs application,
renewed interest is currently focused on the chemistry of mixed-
ligand complexes. The mixed-ligand complexes containing neutral

5964 | Dalton Trans., 2011, 40, 5964-5970
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(a) ) (©)

Scheme 1 The molecular structures of 8-hydroxyquinoline (a),
2,2"-bipyridine (b) and 1,10-phenanthroline (c).

N,N’ bidentate ligands including 2,2’-bipyridine (abbreviated as
bpy, Scheme 1b) and 1,10-phenanthroline (abbreviated as phen,
Scheme 1I¢) and their optical properties have been recently
reported.”™?

The two ligands, 8-hydroxyquinoline and diimines, were se-
lected because of the unique optical properties of their metal
complexes.”’? Segregation is a phenomenon associating the host—
guest complexation.*** When two guest species are allowed to
react with hosts at the same time, guests often segregate resulting
in the mixture of two intercalation compounds. Here, solid—
solid reaction was applied to promote the complex formation
between Zn(11)-montmorillonite and 8-hydroxyquinoline, as well
as co-ligand (bpy or phen) to form zinc(8-hydroxyquinoline)(2,2’-
bipyridine) and zinc(8-hydroxyquinoline)(1,10-phenanthroline)
complexes in the interlayer spaces of montmorillonite.

Experimental
Materials

Na-montmorillonite (Kunipia F, obtained from Tsukinuno Mine,
Kunimine Industries Co., Ltd., Japan) was used as a host material.
The cation exchange capacity (CEC) of Na-montmorillonite
was 119 meq per 100 g of clay. Zinc chloride (ZnCl,) was
purchased from Carlo Erba Reagenti SpA. 8-Hydroxyquinoline
was obtained from Junsei Chemical Co., Ltd. 2,2-Bipyridine and
1,10-phenanthroline were purchased from Tokyo Kasei Kogyo
Co., Ltd. and Fisher Chemical Co., Ltd., respectively. All the
reagents are analytical grade and were used as received.

Preparation of mixed-ligand zinc(11)-montmorillonite

The hybrid materials were prepared via solid—solid reactions
at room temperature as reported previously.?*3*% Firstly, the
parent product, zinc(8-hydroxyquinoline)-montmorillonite was
investigated by manual grinding between Zn(11)-montmorillonite
and 8hq at the molar ratio of 1:1 (Zn(m):8hq) for 10-15
min in air at room temperature. The amount of the ad-
sorbed zinc(11) cation in Zn(il)-montmorillonite prepared by
cation exchange reactions*™ was 105 meq per 100 g of

clay. Then the solid-solid reactions between the parent prod-
uct and co-ligand (bpy or phen) at the molar ratio of 1:1
(Zn(1) : bpy or phen) were performed at the same conditions. After
the reactions, the two products, zinc(8-hydroxyquinoline)(2,2’-
bipyridine)-montmorillonite and zinc(8-hydroxyquinoline)(1,10-
phenanthroline)-montmorillonite were obtained.

Characterization

Powder X-ray diffraction (XRD) patterns were obtained on a
Bruker D8 ADVANCE diffractometer using monochromatic Cu-
Ko radiation. Diffuse reflectance spectra of the solid samples
were collected on a Shimadzu UV-VIS-NIR-3101PC scanning
spectrophotometer using an integrated sphere. Infrared spectra
of the samples were performed on a Perkin Elmer Spectrum One
FT-IR spectrophotometer by KBr disk method. TG-DTG-DTA
data were measured on a Perkin Elmer Pyris Diamond TG-DTA
instrument at a heating rate of 10 °C min™' under a dry air
atmosphere using a-alumina (0-Al,O;) as a standard material.
Photoluminescence spectra were recorded on a Shimadzu RF-
5301PC spectrofluorophotometer in the wavelength range of 300—
800 nm with the excitation at 360 nm. Inductively coupled plasma
optical emission spectroscopic (ICP-OES) data were taken with a
Perkin Elmer Optima 2100DV ICP-OES.

Results and discussion
Solid-state intercalation of mixed-ligand zinc(i1)-montmorillonite

The basal spacings and colours of the hydrated Zn(1)-
montmorillonite, the parent product and the final products
are summarized in Table 1. After the solid-solid reaction be-
tween Zn(1)-montmorillonite and 8-hydroxyquinoline (abbrevi-
ated as Zng-montmorillonite), the colour of the hydrated Zn(1)-
montmorillonite (Fig. 1a) changed from white to green (Fig.
1b). This product was referred to as Zng-montmorillonite and
used as a parent product to react with the co-ligands in solid-
state. When Zng-montmorillonite was ground with powder of
bpy (abbreviated as Znqb-montmorillonite) or phen (abbreviated
as Zngp-montmorillonite), a little bit change in the colour of

Fig. 1 Colours of Zn(11)-montmorillonite (a), Znq-montmorillonite (b),
Zngb-montmorillonite (c) and Znqp-montmorillonite (d).

Table 1 Basal spacings (dy, ), colours, luminescence bands and intensities of starting material and products

Substance dy /nm Colour Aemission/ M Intensity
Zn(11)-montmorillonite 1.49 White — —
Zng-montmorillonite 1.56 Green 496 63
Zng,-montmorillonite 1.56 Green 506 87
Zngb-montmorillonite 1.77 Yellowish green 507 334
Zngp-montmorillonite 1.75 Pale green 495 56
Znbg-montmorillonite 1.77 Yellowish green 510 435
Znpg-montmorillonite 1.75 Pale green 497 78
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Zng-montmorillonite was observed (Fig. 1c and 1d). Therefore,
the change in the colour of Zn(ir)-montmorillonite suggested the
change in the coordination state of Zn(11) interlayer cation.

The X-ray diffraction patterns of the products are shown in
Fig. 2. The broad diffraction peak (dy,) of the parent product,
Zng-montmorillonite, was observed at 1.56 nm (Fig. 2c). When
the added amount of 8hq was increased (molar ratio of Zn(I1) :
8hq = 1:2), the basal spacing was slightly shifted to larger d value
(1.65 nm). Therefore, the basal spacing of Zng-montmorillonite
(1.56 nm) was described to the formation of Znq, Znq, and/or
hydrated Zn(1r) that homogeneously distributed in the interlayer
space of montmorillonite. After the parent product was reacted
with bpy or phen, the basal spacings increased to 1.77 and 1.75
nm for Zngb- and Zngp-montmorillonites (Fig. 2b and 2a),
respectively. The gallery heights were determined by subtracting
the thickness of the silicate layer (0.96 nm) from the observed
basal spacings (1.77 and 1.75 nm) to be 0.81 nm for Zngb-
montmorillonite and 0.79 nm for Zngp-montmorillonite. The
XRD patterns of the products did not show any reflections
due to 8hq (d = 0.94, 0.62 and 0.38 nm), bpy (d = 0.58, 0.51
and 0.49 nm) or phen (d = 0.89, 0.61 and 0.51 nm) crystals,
indicating that 8hq and the co-ligand molecules (bpy and phen)
were intercalated into the interlayer spaces of montmorillonite.
The d, reflection shifted to larger d values when the ligands were
introduced into montmorillonite and the reflections characteristic
to the organic ligands (as mentioned above) and/or two mixed-
ligand complexes (as mentioned below) were not observed. It
is noteworthy that no segregation phenomenon was observed
(single phase XRD pattern), probably due to the stabilities of
the mixed-ligand complexes formed in the interlayer space of
montmorillonite. The XRD results and the changes in the colour
of the products supported the solid-state intercalation and in

Fig. 2 XRD patterns of Zngp-montmorillonite (a), Zngb-montmoril-
lonite (b), Znq-montmorillonite (c) and Zn(11)-montmorillonite (d).

situ complex formation of the mixed-ligand zinc complexes in
montmorillonite. Taking the gallery height (ca. 0.8 nm) into
account, it is worthwhile to mention that the mixed-ligand zinc
complexes formed a monolayer arrangement in between the
silicate layers, in agreement with the results reported for Zng,-
montmorillonite® and Alg;-montmorillonite.?

In comparison, the intercalation of pre-synthesized com-
plexes, zinc(2,2’-bipyridine)(8-hydroxyquinoline) (bright yellow
powder, abbreviated as Znbq) and zinc(1,10-phenanthroline)(8-
hydroxyquinoline) (green powder, abbreviated as Znpq), prepared
by the methods reported previously,®? into Na-montmorillonite
(the molar ratio of Znbq or Znpq: Na(1) = 1: 1) was investigated
by two different methods. One was the cation exchange reaction
of the Znbq or Znpq complex cation and the other was solid—
solid reaction between Na-montmorillonite and the Znbq or
Znpq complex. The products prepared by the cation exchange
reactions were abbreviated as Na-montmorillonite-Znbq(1) and
Na-montmorillonite-Znpq(1) and those prepared by solid—solid
reactions were denoted as Na-montmorillonite-Znbq(2) and Na-
montmorillonite-Znpq(2).

The X-ray diffraction patterns of Na-montmorillonite-Znbq(1)
and Na-montmorillonite-Znbq(2) are displayed in Fig. 3 together
with that of Znbq complex. Na-montmorillonite-Znbq(1) and Na-
montmorillonite-Znbq(2) showed the reflections due to unreacted
Na-montmorillonite (¢ = ca. 1.2-1.4 nm) that overlapped with
the strong diffraction peak of Znbq complex (4 = 1.27 nm)
including the peaks at 4 = 0.55, 0.47, 0.42, 0.25 nm. The
diffraction peaks at d = 1.27, 0.78, 0.65, 0.42, 0.25 nm due
to Znpq complex were also observed in the XRD patterns of
Na-montmorillonite-Znpq(1) and Na-montmorillonite-Znpq(2).
The results demonstrated that the free mixed-ligand zinc com-
plexes cannot be directly intercalated in the interlayer spaces of

Fig. 3 XRD patterns of Na-montmorillonite-Znbq(2) (a), Na-montmo-
rillonite-Znbq(1) (b) and Znbq complex (c).
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Na-montmorillonite and the products contained two phases that
have the basal spacings of 1.2-1.4 nm corresponding to the
hydrated montmorillonite and 1.27 nm corresponding to free
complexes. These indicated that it is rather difficult to incorporate
the pre-synthesized mixed-ligand complexes in the interlayer
spaces of the layered inorganic solids due to their molecular sizes
and/or neutral charges.

The endothermic peaks due to the melting and vaporization of
the ligands (Fig. S1, ESI)T were absent, suggesting that the free
ligands were not maintained in the products. The first step of mass
loss of Zng-montmorillonite, Zngb-montmorillonite or Znqp-
montmorillonite (Fig. S2, ESI)T starting from room temperature
up to around 200 °C, which accompanied the endothermic
reactions in the DTA curves, was ascribed to the dehydration.
Thermal decompositions of two organic ligands in the intercala-
tion compounds observed after the dehydration (Fig. 4 and S2)}
were interpreted to the partial oxidation and evaporation of ligand
(8hq) and co-ligand (bpy or phen) of the complexes formed in
the interlayer spaces, as well as final pyrolysis of 8hq and/or co-
ligands and degradation of ZnO.***” In the DTG curves of the
products (Fig. 4), the final stage of the decomposition observed
at around 670 °C was ascribed to the oxidation of charcoal and
dehydroxydation of the structural OH.? It has been reported that
the first degradation step of Znq, revealed at 114-156 °C, and the
decomposition of bpy in Zn(bpy),(RCOO),-2H,0 (R = C,Hs) and
phen in Zn(phen)(HCOO),-2H,0 occurred at 120-375 °C and
180-335 °C, respectively.**¢ Zngb-montmorillonite and Znqp-
montmorillonite intercalation compounds were decomposed at
the temperature higher than those of the free complexes, showing
that the thermal stability of the complexes was enhanced by
immobilizing in the interlayer spaces of the clay mineral. These
result interpreted that the host matrix probably enhanced the

Fig.4 DTG curves of Znqp-montmorillonite (a), Zngb-montmorillonite
(b) and Znq-montmorillonite (c).

thermal stability of the intercalated mixed-ligand complexes. The
higher thermal stability of the hybrids is an advantage property
for getting greater longevity use.

Formation of Zngb and Znqp complexes in the interlayer spaces of
montmorillonite

The in situ complex formation of zinc(11) interlayer cation and
mixed ligands (8hq and bpy or phen) was determined by FT-
IR, UV-vis and PL spectroscopies. In FT-IR spectra (Table S1,
ESI),T the absorption bands due to C—H out of plane bending
modes of 8hq were observed at around 840, 820, and 800 cm™
for all the products. The bands of the products in the regions
were slightly shifted to higher frequency when compared to those
observed for free 8hq molecule (817, 781 and 741 cm™), confirming
the coordination of 8hq with the zinc interlayer cation.* FT-
IR spectrum of Zngb-montmorillonite showed the pyridine ring
frequencies of bpy at 1606 and 1444 cm™. The aromatic bending
characteristic bands of phen were observed at 870 and 760 cm™' for
Zngp-montmorillonite. The characteristic bands of the two prod-
ucts in the regions were also slightly shifted to higher frequency
compared to those observed for the neat molecules (at 1599 and
1443 cm™ for bpy and at 854 and 739 cm™ for phen), proving the
coordination between co-ligands and zinc(11) interlayer cation in
montmorillonite.’#**! This observation indicated the formation of
Znqb or Zngp complex in the interlayer space of montmorillonite.
Because the homogenous mixture of zinc(8-hydroxyquinoline) and
zinc(2,2-bipyridine) or zinc(1,10-phenanthroline) complexes in
the hybrids may exhibit the shifts in the IR spectra, the further
characterizations of UV-vis and PL spectroscopies were also used
to confirm the in situ complex formation of the mixed-ligand
complexes in montmorillonite.

The diffuse reflectance absorption spectra of the products are
shown in Fig. 5 together with that of the layered host material.
The absorption spectra of the ligands were also obtained (not
shown) and the bands were seen at 222, 325 and 360 (sh) nm for
8hq, at 230 (sh), 264 and 317 nm for bpy and at 219 (sh), 255,
293 (sh) and 329 nm for phen. In the UV region, the absorption
band observed at 252 nm for Zn(11)-montmorillonite (Fig. 5d) was
attributed to charge transfer from oxo (O*, OH-, OH,) to ferric
ion (Fe*) in clay mineral.** The bands due to 6 to n* and & to ©*
transitions of aromatic ring in 8hq were reported at 270 and 300—
320 nm, respectively.* Therefore, the bands observed at around
252 nm for Zng-montmorillonite (Fig. 5¢), Zngb-montmorillonite
(Fig. 5b), and the weakly separated band at 267 nm for Znqp-
montmorillonite (Fig. Sa) were suggested to the overlapping bands
between charge transfer from oxo to ferric ion in the clay and
o to w* transition of 8hq. The absorption bands appeared at
297 and 302 nm for Zngp- and Zngb-montmorillonites were
assigned to phen and bpy and/or the quinoline superimposed to
diimine transitions.”” The shoulder appeared at 310 nm for Zng-
montmorillonite was interpreted to © to ©* transition of 8hq.*

In the visible region, the absorption maxima from 7 to
m* transition of aromatic ring was observed at 366 nm for
Zng-montmorillonite.** In the spectra of Znqp- and Zngb-
montmorillonites, the intensity of the bands observed at around
366 nm were decreased and shifted to 380 nm, indicating the
transformation in the microstructure of the former complex to
the new mixed-ligand complexes. It has been reported that the
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Fig. 5 Diffuse reflectance absorption spectra of Zngp-montmoril-
lonite (a), Zngb-montmorillonite (b), Zng-montmorillonite (c) and
Zn(11)-montmorillonite (d).

absorption bands of Znbq complex in toluene appeared at 382
and 342 nm.” The absorption spectra of [Q’,Ga(bpy)][X] and
[Q’,Ga(phen)][X] (HQ’ =2-methyl-8-hydroxyquinoline; X =NO;~,
PF;") in dichloromethane and acetone solutions gave the charac-
teristic bands between 260-365 nm and 260-372 nm, respectively.”’
Consequently, the bands observed for Zngb- and Znqp-
montmorillonites were attributed to Zngb and Znqp complexes
formed in the interlayer spaces of montmorillonite, which were
consistent with the photoluminescence spectra described below.
Since the intercalation compound of zinc(8-hydroxyquinoline)
examined in this study gave the highest luminescence intensity
when it was excited at 360 nm, therefore all products were excited
at the same wavelength in order to study the enhancement and
quenching of the co-ligands. The emission band due to the 1t to T*
transition of Zng-montmorillonite was observed at 496 nm (Fig.
6¢c). The PL band of Zngb-montmorillonite showed the higher
intensity band at 507 nm (Fig. 6b), while Znqp-montmorillonite
showed the weaker emission band at 495 nm (Fig. 6a). The
strong PL band of Znqb-montmorillonite (507 nm) was identical
with that of Zng,-montmorillonite (506 nm) (not shown). Thus,
the emission band observed for Zngb-montmorillonite can be
assigned to the m to mt* transition, which was the electronic charge
partially transferred from the electron rich phenoxide ring to the
electron deficient pyridyl ring of 8hq.*” The powders of Znbq and
Znpq complexes prepared according to the previous reports®?
also showed the emission bands at 502 and 498 nm, respectively.
While the luminescence bands of those complexes in ethanol:
acetone displayed at 545 nm. The PL band of Znbq complex in
toluene was observed at 545 nm.” The emitting band of OLEDs
using Znbq or Znpq as an emitting material was observed at
545 or 542 nm.*®* The blue shift of the emission bands of the

Fig. 6 Photoluminescence spectra of Zngp-montmorillonite (a), Zngb—
montmorillonite (b) and Zng-montmorillonite (c).

mixed-ligand complexes in montmorillonite compared to those
of the free mixed-ligand complexes may potentially due to the
constrained geometry of the host, and the arrangements of the
complexes in the interlayer spaces as well as the increased inter-
molecular interaction between adjacent molecules in solid-state.™
These observations supported the in situ complex formation
of mixed-ligand zinc complexes (zinc(8-hydroxyquinoline)(2,2’-
bipyridine) or zinc(8-hydroxyquinoline)(1,10-phenanthroline)) in
the interlayer spaces of montmorillonite. The emission intensity
of Zngb-montmorillonite was significantly higher than that of
Zng-montmorillonite, while that of Zngp-montmorillonite was
found to be lower, indicating that bpy was enhancing the emission
intensity of the complex and phen was quenching.”” Similar
difference were also reported in the luminescence intensities
of [Q’,Ga(bpy)][X] and [Q’,Ga(phen)][X] complexes due to the
differences of molecular and crystal packing, which were rational
to the structural differences between the ground state and excited
state geometries of the complexes.?”*

Since the observed emission spectra of the products can be
thought to be caused by the sum of the luminescence of the two
complexes (zinc(8-hydroxyquinoline), and zinc(2,2’-bipyridine)
or zinc(1,10-phenanthroline)) formed in the interlayer spaces of
montmorillonite. In order to exclude this possibility, the PL spectra
of the other two products prepared by the two different routes were
also examined. One was the product prepared by grinding Zn(1r)-
montmorillonite and the two ligands (bpy and 8hq) together at
the same time (abbreviated as Zn(bpy/8hq)-montmorillonite)
and the other was that of the mixed complex product investigated
by grinding Zn(i1)-montmorillonite with each ligand (bpy or
8hq), separately and subsequently blended the two zinc complex-
montmorillonites  (zinc(2,2’-bipyridine)-montmorillonite  and
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zinc(8-hydroxyquinoline)-montmorillonite) together, the product
was called as Zn-bpy/Zn-8hg-montmorillonite. The weak
emission band of Zn(bpy/8hq)-montmorillonite (503 nm) was
blue shifted relative to Zngq,-montmorillonite (506 nm), suggesting
the segregation of zinc(8-hydroxyquinoline) and zinc(2,2’-
bipyridine) complexes in the interlayer space of montmorillonite.*
The PL band of the mixture of Zn-bpy/Zn-8hg-montmorillonite
was observed at 501 nm and the intensity was lower than that
of the starting compound of Znq,- montmorillonite (506 nm),
indicating that the emission band of the mixture was blue shifted
and zinc(2,2’-bipyridine) complex quenched the emission band
of zinc(8-hydroxyquinoline) in the mixture of the intercalation
compounds (Zn-bpy/Zn-8hq). Therefore, the red shift of the
luminescent band of Zngb-montmorillonite (507 nm) relative
to those of Zn(bpy/8hq)-montmorillonite (503 nm) and Zn-
bpy/Zn-8hg-montmorillonite (501 nm), confirming the formation
of zinc(8-hydroxyquinoline)(2,2’-bipyridine) (Zngb) complex in
the interlayer space of montmorillonite.

In addition, the PL intensities of Zngb- and Znqp-
montmorillonite were weaker than those of the products prepared
by the solid-solid reactions between Zn(11)-montmorillonite and
the co-ligands (bpy and phen) and subsequent grinding with 8hq
(abbreviated as Znbq- and Znpg-montmorillonite, respectively).
The emission intensities of the mixed-ligand zinc complexes
in montmorillonite prepared by the difference in the order of
the added ligands are showed in Table 1. This observation
indicated that the sequence of addition ligand affected the
molecular structure and/or packing of the complexes formed
in montmorillonite. The highest PL intensity and red shift of
Znbg-montmorillonite supported that the mixed-ligand com-
plexes were major phase and more stable than the mixtures of
the two complexes. PL spectra of the products washed with
ethanol were also examined. The emission maxima maintained
at the same wavelengths as those of the as-prepared samples,
supporting that the unreacted ligands was not included in the
products obtained by the solid-solid reactions. The solid-solid
reactions present a successful preparation of the hybrids of
the mixed-ligand complex-montmorillonites that may create the
opportunities to use these hybrids in designing novel optical
materials.

Conclusions

The hybrids of mixed ligands (8-hydroxyquinoline and 2,2’-
bipyridine or 1,10-phenanthroline) zinc complexes, zinc(8-
hydroxyquinoline)(2,2’-bipyridine)-montmorillonite and zinc(8-
hydroxyquinoline)(1,10-phenanthroline)-montmorillonite, were
successfully prepared by solid-state intercalation at room tempera-
ture. The luminescence intensity of zinc(8-hydroxyquinoline)(1,10-
phenanthroline)-montmorillonite was lower than that of zinc(8-
hydroxyquinoline)(2,2’-bipyridine)-montmorillonite, associating
that the co-ligands remarkably affected the emission intensities
of the mixed-ligand complexes in montmorillonite. 2,2”-Bipyridine
co-ligand was enhancing the emission of zinc(8-hydroxyquinoline)
complex while 1,10-phenanthroline was quenching. The stud-
ies on solid-solid reaction and in situ complex formation by
using other mixed-ligand complexes are worth investigating to
construct novel nanohybrid materials with precisely controlled
properties.
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The preparation of metal-quinolate complexes, Mqs (M = Al(III), Ga(Ill) and In(III); q = 8-hydroxyquinoline)
in the interlayer spaces of smectites (natural montmorillonite and synthetic saponite), as well as their optical
properties were investigated. The basal spacings of the products increased through solid-solid reactions
between M(III)-smectites and 8-hydroxyquinoline, indicating the intercalation of 8-hydroxyquinoline. The

photoluminescence maxima and intensities of the intercalation compounds varied depending on the metal
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ions and nature of clay minerals. The PL intensities of Mqs; complexes in synthetic saponite were higher
than those of the complexes in montmorillonite because of the difference in molecular structure and/or
molecular packing, as well as the presence of the quenching impurities in montmorillonite.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The intercalation of organic guest species into layered inorganic
solids is an elegant process of constructing nanocomposite materials
based on the combination of vast varieties of inorganic and organic
substances (Lagaly et al., 2006; Ogawa, 2004). Smectite, a 2:1 type
layered clay mineral, possesses various attractive features such as
swelling behavior, large surface area, ion exchange and adsorptive
properties for organizing photoactive species. Solid-solid reaction is
one of the most suitable modification techniques of organic-inorganic
hybrid materials due to the ease of operation and possibility to pre-
pare the compounds, which are not accessible from solutions and so
on (Patil et al., 1984; Toda et al., 1987). The solid-state intercalation
of both nonionic and cationic species into layered zirconium phos-
phate (Clearfield and Troup, 1970), zeolites (Lazar et al., 1994) and
layered clay minerals (Ogawa et al., 1989, 1990, 1991, 1992a, 1992b;
Wada, 1961) was reported so far.

In our previous efforts to explore novel intercalation compounds
with unique microstructures and properties, our interests have been
focused in organic molecular materials and inorganic species includ-
ing metal complexes and semiconductor nanoparticles because of
the useful luminescence properties especially for organic light emit-
ting devices (OLEDs) and electro-optical materials. We successfully
prepared metal chelates (diimine and/or quinolate complexes) and
metal chalcogenide nanoparticles (CdS, ZnS, MnS, etc.) in the inter-
layer spaces of smectites by solid-solid reactions and in situ

* Corresponding author. Tel.: +66 4320 2222 41x12370 2; fax: + 66 4320 2373.
E-mail address: nithima@kku.ac.th (N. Khaorapapong).

0169-1317/% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.clay.2011.09.002

formations (Khaorapapong, 2010; Khaorapapong and Ogawa, 2007,
2008, 2010; Khaorapapong et al., 2000, 2001, 2002a, 2002b, 20083,
2008b, 2009, 2010, 2011a, 2011b; Ogawa et al., 1991). Because of
the advantages of the synthetic methodology such as the facile oper-
ation and low possibility of the desorption, the effect of solid-state in-
tercalation of metal complexes in clay minerals on their structures
and properties is worth investigating for producing novel low dimen-
sional nanohybrid materials.

Metal-quinolate complexes, Mqs (where M= Al(IIl), Ga(IlI), and
In(Ill); q=_8-hydroxyquinoline) are excellent electroluminescent
materials for organic light emitting devices (Burrows et al., 1994,
1996). The capability of emitting many colors throughout the visible
spectrum and luminescent efficiency of metal-quinolate complexes
were governed by the molecular structure and packing of the metal
complexes (Chen and Shi, 1998; Higginson et al., 1998). Here, a series
of metal-quinolate complexes of group XIII elements (Al, Ga and In)
was prepared in the interlayer spaces of smectites. The differences
in the metal complexing ions and type of clay minerals may affect
the emission intensity and/or color of each compound. In the present
study, Alqs, Gaqs and Inqs complexes were prepared in the interlayer
spaces of smectites by solid-solid reactions and in situ complex for-
mations. The effects of the type of metal ions and nature of clay min-
erals with optical properties of the products were investigated.

2. Experimental
Two smectites, natural montmorillonite (Reference clay sample of

the Clay Science Society of Japan, JCSS-3101, Kunipia F, obtained from
Tsukinuno mine, Japan) and synthetic saponite (Reference clay sample
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Table 1

Basal spacings (doo1) and colors of the hydrated smectites and the products prepared by solid-solid reactions.

Substance Hydrated smectite After the reaction with 8-hydroxyquinoline Expansion of
the interlayer
door (nm) Color door (nm) Color space (nm)
Al(IIl)-montmorillonite 1.53 white 1.70 green 0.74
AI(III)-synthetic saponite 1.45 white 1.50 yellowish green 0.54
Ga(Ill)-montmorillonite 1.53 white 1.67 green 0.71
Ga(lll)-synthetic saponite 143 white 1.53 yellowish green 0.57
In(III)-montmorillonite 1.58 white 1.71 green 0.75
In(I1I)-synthetic saponite 1.45 white 1.53 yellowish green 0.57

of the Clay Science Society of Japan, JCSS-3501, Sumecton SA, synthe-
sized hydrothermally by Kunimine Industries Co., Japan) were used as
the host materials. The cation exchange capacities (CEC) of the clay
minerals were 1.19 and 0.70 meq/g for montmorillonite and synthetic
saponite. Aluminum chloride (AICl3-6H,0) and gallium nitrate (Ga
(NO3)3-xH,0) were obtained by Ajax Finechem Pty. Ltd. and Aldrich
Chemical Co. Ltd. Indium chloride (InCl3) was supplied by Fisher Chem-
ical Co., Ltd. 8-Hydroxyquinoline (CoH;NO) was purchased from Junsei
Chemical Co., Ltd. All the reagents are analytical grade and were used
without further purification.

AI(IIT)-, Ga(Ill)- and In(IIT)-smectites (AI(III)-, Ga(IIl)- and In(III)-
montmorillonites, and synthetic saponites) were synthesized by a
conventional ion exchange method. Smectite was mixed with an
aqueous solution of each metal salt and the mixture was stirred at
room temperature for 1 day. After the ion exchange reaction, the
resulting solids were collected by centrifugation and washed repeat-
edly with deionized water until no chloride or nitrate ion was
detected in the supernatants. The yields of the exchanged cations
(AI(IIT), Ga(Ill) and In(IIl)) in smectites determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES) were 98-
100%. The mixture of Al(Ill)-, Ga(Ill)- or In(Ill)-smectites and 8-
hydroxyquinoline was ground manually in an agate mortar at room
temperature for 10-15 min. The molar ratio of 8-hydroxyquinoline
to the interlayer cation was 3:1. The products were abbreviated as
Mgs-montmorillonites or Mqs-synthetic saponites, where M was Al
(111), Ga(I) or In(III).

Powder X-ray diffraction patterns (XRD) were obtained on a Bruker
D8 ADVANCE diffractometer using monochromatic Cu Ko radiation.
Diffuse reflectance spectra were collected on a Shimadzu UV-VIS-NIR-
3101PC scanning spectrophotometer using an integrated sphere. Infra-
red spectra were performed by KBr disk method on a Perkin-Elmer
Spectrum One FT-IR spectrophotometer. TG-DTG-DTA data were mea-
sured on a Perkin Elmer Pyris Diamond TG-DTA instrument at a heating
rate of 10 °C/min under a dry air atmosphere using a-alumina (o-
Al,03) as a standard material. Photoluminescence spectra were
recorded on a Shimadzu RF-5301PC spectrofluorophotometer in the
wavelength range of 300-800 nm with the excitation at 360 nm and
slit widths were 1.5 for excitation and 5 for emission. Inductively
coupled plasma optical emission spectroscopic (ICP-OES) data were
taken with Perkin Elmer Optima 2100DV ICP-OES.

3. Results and discussion

By the solid-solid reactions of M(III)-smectites with 8-hydroxy-
quinoline, the yellowish green to green products were obtained. The
basal spacings (dgp;) and the colors of the hydrated smectites and
the final products were summarized in Table 1. The basal spacings
of Mqs-montmorillonites were ca. 1.7 nm and those of Mqs-synthetic
saponites were ca. 1.5 nm. The expansions of the interlayer spaces
obtained by subtracting the thickness of a silicate layer (0.96 nm)
from the observed basal spacings were determined to be 0.5-
0.8 nm. The reflections due to 8-hydroxyquinoline at d=0.94, 0.62,
0.38 and 0.31 nm were absent in the XRD patterns of the products

(Fig. 1). Gaqgs- or Inqs-smectites were heated at 200 °C in air for 2 h
in order to confirm that the XRD patterns of the heated products
were not different from those of the as-prepared compounds and
the reflections due to 8-hydroxyquinoline crystal were not observed.
The change in the colors and the expansion of the interlayer spaces
were in accordance with those reported for Alqs-montmorillonite
and Alqgs-synthetic saponite (Khaorapapong et al., 2002b), as well as
Znq,-montmorillonite and Znq,-synthetic saponite (Khaorapapong
and Ogawa, 2008), suggesting the intercalation of 8-hydroxyquino-
line and the formation of Mqs complexes in situ in the interlayer
spaces. The expansions of the interlayer spaces of Mqs-montmorillon-
ites were larger than those of Mqs-synthetic saponites, which were
thought to be derived from the difference in the molecular structure
and/or molecular packing of Mqs complexes in montmorillonite and
synthetic saponite. Because the cation exchange capacities of mont-
morillonite and synthetic saponite used in this work are 1.19 and
0.70 meq/g, the distance between the adjacent cation exchange sites
is different. Therefore, the geometry and/or packing of the intercalat-
ed Mqs complexes varied to result in the difference of the interlayer
expansions. The intercalation of 8-hydroxyquinoline into smectites
took place by the ligand displacement processes between 8-hydroxy-
quinoline molecule and the coordinated water.

In the DTA curves of Mqs-smectites, the endothermic peaks due to
the melting and vaporization of 8-hydroxyquinoline at around 75 and
185°C were absent as reported previously for Alqs-smectites
(Khaorapapong et al., 2002b), suggesting that 8-hydroxyquinoline
crystal was not present in the products. From the TG-DTA curves of
the products (Figs. S1 and S2, Supporting Information), the initial
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Fig. 1. XRD patterns of Inqs-synthetic saponite (a), In(Ill)-synthetic saponite (b), Inqs-
montmorillonite (c), In(Ill)-montmorillonite (d) and 8-hydroxyquinoline (e).
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mass losses observed from room temperature to at around 130 °C
were ascribed to the desorption of the adsorbed water (Juiz et al.,
1997). In the DTA curves, the exothermic peaks in the temperature
range of ca. 300-700 °C accompanied the mass losses in the TG and
DTG curves (Figs. S3 and S4, Supporting Information) were inter-
preted to the oxidative decomposition and evaporation of the coordi-
nated 8-hydroxyquinoline (Juiz et al., 1997; Mahmoud et al., 2009).
The last mass losses of the intercalation compounds observed at
higher temperatures were attributed to the oxidation of carbona-
ceous residue and the dehydroxydation of the structural OH (Pastre
et al,, 2004). It was reported that the beginning of mass loss of Alqs
revealed at around 300 °C (Wang et al., 2007). The decompositions
of Algs and Gaqs were observed in the temperature range of 320-
500 °C (Sapochak et al., 2001). The observations confirmed the inter-
calation of 8-hydroxyquinoline in smectites by solid-solid reactions.
The difference of thermal behaviors supported that the molecular ge-
ometry and/or packing of the complexes in smectites were different.

The in situ complex formation of Mqs-smectites was confirmed by
FT-IR, UV-vis and PL spectroscopies. The characteristic absorptions of
8-hydroxyquinoline (Marchon et al., 1986) including the C-H out of
plane bending vibrations at 817, 781 and 741 cm™~ ' were clearly ob-
served in the FT-IR spectra of the products. The absorption bands of
all the products were shifted to higher frequency by comparison
with those observed for the neat 8-hydroxyquinoline (Table S1, Sup-
porting Information), indicating the chelations between 8-hydroxy-
quinoline and the interlayer metal cations (AI(IIl), Ga(Ill) and In
(IIN)) of the layered host materials.

The diffuse reflectance absorption spectra of the products and M
(Il)-smectites were shown in Figs. 2 and 3. In the absorption spec-
trum of 8-hydroxyquinoline (data not shown), the corresponding
bands were seen at 222, 325 and 360 (sh) nm. The absorption
bands due to charge transfer from oxo (02—, OH™, OH,) to ferric
ion (Fe3") (Karickhoff and Bailey, 1973) of M(IIl)-montmorillonites
were observed at ca. 250 nm. The bands of M(III)-synthetic saponites
appeared at 253 and 256 nm were interpreted to the oxo to metal cat-
ions—either as structural elements or exchangeable cations charge
transfer transitions (Karickhoff and Bailey, 1973; Kshirsagar et al.,
2009). The diffuse reflectance spectra of the products exhibited
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Fig. 2. Diffuse reflectance absorption spectra of Inqs-montmorillonite (a), Gags-mont-

morillonite (b), Algs-montmorillonite (c), In(Ill)-montmorillonite (d), Ga(Ill)-mont-
morillonite (e) and Al(III)-montmorillonite (f).
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Fig. 3. Diffuse reflectance absorption spectra of Inqs-synthetic saponite (a), Gaqs-syn-
thetic saponite (b), Alqs-synthetic saponite (c), In(Ill)-synthetic saponite (d), Ga(Ill)-
synthetic saponite (e) and Al(III)-synthetic saponite (f).

three absorption bands with the maxima of 248 or 255, 317 (sh)
and 376 nm for Mqs-montmorillonites (Fig. 2), 256, 313 (sh) and
375 or 378 nm for Mqs-synthetic saponites (Fig. 3). The bands due
to o'to " and m to T* transitions of aromatic ring in the metal-quinolate
complexes were reported at 270 and 300-320 nm, respectively
(Ghedini et al., 2002). Thus, the bands observed at around 248-
256 nm for Mqs-smectite intercalation compounds were ascribed
to the overlapping bands between the charge transfer from the
oxo to ferric ion or metal cations in the clay minerals and the o
to m* transition of 8-hydroxyquinoline. The shoulders appeared at
313-317 nm in the absorption spectra of all the products and the
absorption maxima revealed at 375-378 nm were attributed to
the m to m* transition of the aromatic ring of metal-quinolate
complexes (Ghedini et al., 2002; Ouyang et al., 2007). The absorption
bands of Alqs and Gaqs in a dilute chloroform solution appeared at
388 nm and at 392 nm (Sapochak et al., 2001). The UV-visible spec-
tra of Alqgs, Gaqs and Inqs in DMSO showed the absorption bands at
386, 390 and 390 nm (Ghedini et al., 2003). It was reported that
the absorption bands of Alqs and Inqs solid films were majorly
observed at 390 nm (Shukla and Kumar, 2007; Shukla et al., 2006).
Consequently, the bands observed for Algs-, Gaqs- and Ings-smectites
were ascribed to the formation of Alqs, Gaqs and Inqs complexes in
montmorillonite and synthetic saponite, which were consistent with
the photoluminescence spectra described below.

The photoluminescence spectra of the intercalation compounds
were shown in Fig. 4 and the emission intensities were summarized
in Table 2. Since 8-hydroxyquinoline gave the absorption maxima in
the visible region at 360 nm and the PL spectra of Alqs-smectites
(Khaorapapong et al., 2002b) were also recorded at the same wave-
length, in order to exclude the effect of the excitation wavelength,
therefore, all the products were excited at 360 nm. The luminescent
emissions of metal-quinolate complexes due to the electronic 1 to
m* transition, which involved charge transfer from the filled m orbitals
on the phenoxide side (HOMO) to the unfilled * orbitals on the pyr-
idyl side (LUMO) (Chen and Shi, 1998; Halls and Schlegel, 2001),
were observed at 508 nm for Alqs-montmorillonite and at 510 nm
for Algs-synthetic saponite. The emission bands of Alqs in DMSO as
well as in DMF solution were observed at 516 and 520 nm (Burrows
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Fig. 4. Photoluminescence spectra of Inqs-synthetic saponite (a), Gaqs-synthetic sapo-
nite (b), Algs-synthetic saponite (c), Inqs-montmorillonite (d), Gagqs-montmorillonite
(e) and Algs-montmorillonite (f).

et al., 1994; Ghedini et al., 2003). The emission wavelength of Alqs
complex was blue-shifted as the polarity of the solvents decreased
along DMF and DMSO (Table 2). The photoluminescence bands of
Algs, Gags and Inqs complexes in montmorillonite were blue-shifted
compared to those in synthetic saponite. Since the substitution in
the tetrahedral sites of synthetic saponite generates higher polarity
than that in the octahedral sites of montmorillonite (Kakegawa et
al., 2003), the blue-shifts of the emission band of Alqgs, Gaqs and
Ings complexes in montmorillonite were thought to be caused by
the effect of the polarity of surrounding environments. The blue-shifts
of photoluminescence bands of the Mq; complexes in montmorillon-
ite supported the higher polarity of synthetic saponite. The PL bands
of solid film were observed at 520 nm for Alqs, at 541 nm for Gaqs
and at 540 nm for Inqs (Burrows et al., 1994). This observation con-
firmed the in situ formation of Alqs, Gaqs and Inqs complexes in
smectites.

The photoluminescence intensities of Algs-, Gaqs- and Ings-
synthetic saponites varied depending on the atomic number of
metal ions due to the heavy atom quenching; namely the PL efficien-
cies of the complexes in synthetic saponite decreased in the order
Algs>Gags>Ings. For montmorillonite system, the emission intensity
of Alqs-montmorillonite was lower than those of Gaqs- and Inqs-
montmorillonites. This result which occurred from the side reactions
of impurities, such as oxygen and water, led to the failure of Mqs
complexes, which was indicated by the appearance of the absorption
bands observed at around 600 nm due to n to m* transition of qui-
nones and N-oxides, or the presence of impurity such as non-emissive
species (Papadimitrakopoulos et al., 1996). The absorption bands

Table 2
Luminescence bands of the Mqz complexes in different matrices.
Matrix PL, Aemiss (Nm) References
Algs Gaqs Ings
Montmorillonite 508 513 520 this work
Synthetic saponite 510 528 530 this work
DMSO solution 516 525 525 Ghedini et al. (2003)
DMF solution 520 542 541 Burrows et al. (1994)

owing to n to m* transition were observed at 600 nm for Algs-mont-
morillonite and at 605 nm for Gaqs- and Ings-montmorillonites
(Fig. 2), while those bands were not clearly seen for the synthetic sap-
onite system (Fig. 3), indicating the degradation of the intercalated
complexes and/or the formation of non-emissive species due to the
larger amount water contained in montmorillonite. Additionally, the
PL intensities of Mqs complexes in montmorillonite were lower
than those of the complexes in synthetic saponite ca. 40 times for
Alqs or Inqs and ca. 20 times for Gaqs, supporting the degradation
of the intercalated metal-quinolate complexes and/or quenching im-
purities in montmorillonite. Our results showed the important roles
of cation size and nature of clay mineral to the PL intensities and spec-
tral shifts. The heavy atom reduced PL intensities in Mqs-synthetic
saponites, while impurities played a dominant role on the quenching
in Mgs-montmorillonites.

4. Conclusions

The high electroluminescent metal-quinolate complexes, Alqs,
Gaqs and Inqs, were successfully intercalated into the interlayer
spaces of natural and synthetic smectites by solid-solid reactions at
room temperature. The blue-shift of emission bands and the decrease
of emission intensities of Mqs-smectites took place as the decrease of
cation size along the series of Inqs, Gaqs and Alqs and the nature of
smectites. The luminescence intensities of the metal-quinolate com-
plexes in synthetic saponite were higher than those in natural mont-
morillonite, indicating the degradation of the complexes and
quenching impurities in natural montmorillonite. The studies on the
series of group XIII metal-quinolate complexes in smectites are im-
portant for understanding the effects of the type of metal ions and na-
ture of clay minerals to construct novel nanohybrid materials with
precisely controlled required properties.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.clay.2011.09.002.
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ABSTRACT

Our attempts in the preparation of smectite intercalation compounds by solid-solid reactions are reviewed.
Various guest substances, including both cationic and nonionic species, metal complexes, and metal sulfide
nanoparticles, have been immobilized in the interlayer spaces of smectites. Organoammonium ions were
incorporated in the interlayer spaces by the solid-state cation exchange process. The adsorption of nonionic
molecules into pristine and organically modified smectites was also possible. Solid-state intercalation was
completed within a few minutes at room temperature. The interactions of sulfide ions with the interlayer cat-
ions of smectite via adsorption led to smectite-metal sulfide hybrids. Adsorption and in situ formation of both
complexes and metal sulfides in smectites were observed, when homoionic (Na(I)-, K(I)-, Rb(I)-, NH4(I)-,
Ca(II)-, Co(I)-, Cu(II)-, Ni(I)-, Cd(Il)-, Li(I)-, AI(IIT)-, Zn(II)- and Mn(II)-) smectites were ground with the
appropriate ligands (diimines, 18-crown-6-ether, thioacetamide, thiourea, 8-hydroxyquinoline, as well as so-

dium sulfide).

Key words: Intercalation, Smectite, Solid-solid reaction

INTRODUCTION

The intercalation of organic and inorganic cations, mol-
ecules or particles via ion exchange and adsorption processes
into ordered architectures has attracted increasing interest
from scientific and application studies (Ogawa, 2004; Ogawa
and Kuroda, 1995, 1997; Lagaly et al., 2006). The physical
and chemical properties of both guest and host species can be
altered by the intercalation reactions (Whittingham, 1982). It
is well known that intercalation proceeds by ion exchange of
interlayer exchangeable cations, adsorption of polar molecules
by ion-dipole interaction and/or hydrogen bonding, acid-base
reaction or charge transfer complex formation (Ogawa and
Kuroda, 1997). Various layered inorganic solids, including
graphite, transition metal dichalcogenides, metal phosphates
and phosphonates, transition metal oxides, layered double
hydroxides, and clay minerals, have been used to accommo-
date guest species to form intercalation compounds (Ogawa,
2004; Ogawa and Kuroda, 1995, 1997; Lagaly et al., 2006).

" Corresponding author: Nithima Khaorapapong, Department of Chem-
istry and Center of Excellence for Innovation in Chemistry, Faculty of
Science, Khon Kaen University, Khon Kaen 40002, Thailand. e-mail:
nithima@kku.ac.th

In comparison with three dimensional network hosts such as
zeolites, one of the advantages of layered solids is the expand-
ability of their interlayer spaces, which make it possible to
accommodate a wide variety of guest species.

Generally, the intercalation compounds are obtained by
solid-liquid reactions and solid-gas reactions. The solid-solid
reaction, including mechanochemical process, which occurs
between powders in the solid state, can be achieved simply
without large volume of solutions and long proceeding times.
The formation of some organic host-guest complexes and the
intercalation compounds of potassium acetate-kaolinite by
solid-solid reactions at room temperature were reported (Wada,
1961; Rastogi et al., 1977; Toda et al., 1987). During our study
on the preparation and properties of organic-layered inorganic
solid hybrids, we have found that a solid-solid reaction is an
effective way to intercalate various guest species into smec-
tites. In the past two decades, we had reported the applications
of solid-solid reactions to prepare intercalation compounds.

In this account, the solid-state intercalation of cationic and
nonionic species, complexes, as well as metal sulfide semi-
conductor particles in the interlayer spaces of smectites are
summarized. The solid-state intercalation of guest species into
smectites can be classified into four groups; (a) cation
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exchange reaction, (b) adsorption of polar molecules, (c)
adsorption of organic ligands and in situ complexation and
(d) formation of metal sulfides. The host-guest systems of the
intercalation compounds prepared by solid-solid reactions are
summarized in Tables 1, 2 and 3.

INTERCALATION COMPOUNDS OF SMECTITES
PREPARED BY SOLID-SOLID REACTIONS

Preparation of the solid-state intercalation compounds

The solid-state ion exchange reactions were conducted by
grinding the dehydrated homoionic (Na(I)-, K(I)- and Rb(I)-)
montmorillonite and dried organoammonium halides in an
agate mortar under a dried air atmosphere in a glove box for a
few minutes (Ogawa et al., 1990a, 1995a). The amounts of the
organic salts were equivalent to the cation exchange capacity

of montmorillonite. The conventional ion exchange reaction
of the same host-guest systems was also carried out as the
references.

The adsorption of nonionic molecules such as acrylamide,
methylacrylamide, p-aminoazobenzene, maleic and methyl-
maleic acids, fumaric and methylfumaric acids, naphthalene,
anthracene, pyrene and so on was conducted by blending the
powders of pristine or organically modified smectites with
a mortar and a pestle under dried air atmosphere for a few
minutes (Ogawa et al., 1989, 1990b, 1991a, 1992a, b, ¢, 1993,
1995b, 1996).

Macrocyclic ligand (18-crown-6-ether) was intercalated
and formed complexes with the interlayer cations of homoion-
ic-montmorillonite, kenyaite and fluortetrasilicic mica (Ogawa
et al., 1997). Metal complexes including sodium-, calcium-,
manganese-, cobalt-, copper- and/or nickel-diimines (2,2'-

TasLE 1. Basal spacings of the intercalation compounds of cationic guest species in smectites prepared by solid-state

cation exchange reaction

Host Cationic guest specie d o1, (nm) Reference
Na-montmorillonite methylammonium chloride 1.19 2,10)
n-propylammonium chloride 1.31
n-hexylammonium chloride 1.31
n-octylammonium chloride 0.97*
n-decylammonium chloride 0.97*
n-dodecylammonium chloride 0.98%*
n-octadecylammonium chloride 0.98*
dimethylammonium chloride 1.28
trimethylammonium chloride 1.34
tetramethylammonium chloride 1.40
tetramethylammonium bromide 1.38
tetramethylammonium iodide —*
K-montmorillonite tetramethylammonium chloride 1.40
tetramethylammonium bromide 1.34
tetramethylammonium iodide —*
Rb-montmorillonite tetramethylammonium chloride 1.39
tetramethylammonium bromide 1.37
tetramethylammonium iodide —*
Na-montmorillonite tetraethylammonium bromide 1.40
tetrapropylammonium bromide 1.40
tetrabuthylammonium chloride 1.77
tetrabuthylammonium bromide 1.88%***
tetrabuthylammonium iodide —*
K-montmorillonite tetrabuthylammonium chloride 1.77
tetrabuthylammonium bromide —*
tetrabuthylammonium iodide -
Rb-montmorillonite tetrabuthylammonium chloride —*
tetrabuthylammonium bromide —*
tetrabuthylammonium iodide —*
Na-montmorillonite octyltrimethylammonium chloride 1.38
dodecyltrimethylammonium chloride 1.36
tetradecyltrimethylammonium chloride 0.96*
ethylenediammonium dichloride 1.20%*
0-phenylenediammonium dichloride 1.37**
m-phenylenediammonium dichloride 1.32%*
p-phenylenediammonium dichloride 1.26%*
anilinium chloride 1.45

* No evidence of intercalation
** Obtained after grinding for 30 min

*** Obtained after the reaction at 80°C for 1 day
Reference: Ogawa et al., 1990a”, 1995a'”
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TasLE 2. Basal spacings of the intercalation compounds prepared by solid-state adsorption of neutral molecules

Host Neutral guest specie dgony (nm) Reference

Na-montmorillonite acrylamine 1.91 1)

methylacrylamine 1.47

urea 1.71
Ca-montmorillonite urea 1.71
Cu-montmorillonite urea 1.68
Na-montmorillonite/Kunipia acrylamide 1.90 or 1.91 1,7)
Na-montmorillonite/Gelwhite acrylamide 1.90
Na-saponite acrylamide 2.00
Na-hectorite acrylamide 2.00
Na-fluortetrasilicic mica acrylamide 1.90
Ca-fluortetrasilicic mica acrylamide 1.90
K-fluortetrasilicic mica acrylamide 1.00*
Al-fluortetrasilicic mica acrylamide —*
Na-montmorillonite n-tetradecylamine 4.80 3)

n-hexadecylamine 5.10

n-octadecylamine 5.70
Ca-montmorillonite n-tetradecylamine 4.50

n-hexadecylamine 4.90

n-octadecylamine 5.40
Na-montmorillonite p-aminoazobenzene 1.90 4)
Ca-montmorillonite p-aminoazobenzene 1.80
Ni-montmorillonite p-aminoazobenzene 2.00
Na-montmorillonite maleic acid 1.25 6)

fumaric acid —*

methylmaleic acid 1.27

methylfumaric acid —*
DTMA-montmorillonite naphthalene 3.00 8)
ODTMA-montmorillonite naphthalene 3.50
DTMA-montmorillonite anthracene 3.40, 1.80
TDTMA-montmorillonite anthracene 3.45,1.89
HDTMA-montmorillonite anthracene 3.50, 2.00
ODTMA-montmorillonite anthracene 3.60 or 3.70 8,9)
DMDODA-montmorillonite anthracene 3.80 9)
ODTMA-montmorillonite pyrene 3.60
DMDODA-montmorillonite pyrene 3.90
ODTMA-saponite pyrene 1.50 11)
DMDODA -saponite pyrene 2.20
ODTMA -fluortetrasilicic mica pyrene 2.20
DMDODA -fluortetrasilicic mica pyrene 2.20
DA-montmorillonite p-aminoazobenzene 1.80-3.00 4)
DTMA -fluortetrasilicic mica p-aminoazobenzene 2.20 12)
DMEHA -fluortetrasilicic mica p-aminoazobenzene 3.30
DMBHA -fluortetrasilicic mica p-aminoazobenzene 3.40
DA-fluortetrasilicic mica p-dimethylaminoazobenzene 2.40
DTMA-fluortetrasilicic mica p-dimethylaminoazobenzene 2.30
DMEHA -fluortetrasilicic mica p-dimethylaminoazobenzene 3.40
DMBHA-fluortetrasilicic mica p-dimethylaminoazobenzene 3.50

* No evidence of intercalation
Reference: Ogawa et al., 1989", 1990b”, 1991a”, 1992a”, 1992b”, 1992¢”, 1993”, 19950, 1996'?, 1997"

Abbreviation for Table 2

DA Dodecylammonium (C,,H,;NH;")
DDAM Dodecyldimethylethylammonium (C,,H,s(CH;),C,H;N")
DTMA Dodecyltrimethylammonium (C,,H,s(CH;);N")

TDTMA Tetradecyltrimethylammonium (C,,H,o(CH;);N")

HDTMA Hexadecyltrimetylammonium (C,sH;;(CH,);N")

ODTMA Octadecyltrimetylammonium (C ;H;,(CH,);N")

DMDODA  Dimethyldioctadecylammonium ((C,3Hs,),(CH;),N")

DMEHA Dimethylethylhexadecylammonium (C,;H4;(CH,),C,H;N")
DMBHA Dimethylbenzylhexadecylammonium (C,H;;(CH;),CH,CH,N")
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TaBLE 3. Basal spacings of the intercalation compounds prepared by solid-state adsorption and in situ formation

Host Neutral guest specie dgony (nm) Reference
K-montmorillonite 18-crown-6-ether 1.95 13)
Rb-montmorillonite 18-crown-6-ether 1.93
NH,-montmorillonite 18-crown-6-ether 1.92
K-fluortetrasilicic mica 18-crown-6-ether 1.92
K-kenyaite 18-crown-6-ether 3.04
Co-montmorillonite 2,2'-bipyridine 1.81 5)
Na-montmorillonite 2,2'-bipyridine no report of dy,
Ca-montmorillonite 2,2'-bipyridine no report of d,
Mn-montmorillonite 2,2'-bipyridine no report of d,
Co-montmorillonite 4,4'-bipyridine 1.50 17, 18)

1,2-di(4-pyridine)ethylene 1.50
Cu-montmorillonite 4,4'-bipyridine 1.50

1,2-di(4-pyridine)ethylene 1.50
Ni-montmorillonite 4,4'-bipyridine 1.50

1,2-di(4-pyridine)ethylene 1.50
Cd-montmorillonite thioacetamide 1.50, 1.75 19)
Cu-montmorillonite thiourea 1.70 20)
Al-montmorillonite 8-hydroxyquinoline 1.70 21)
Al-saponite 8-hydroxyquinoline 1.50
Li-montmorillonite 8-hydroxyquinoline 1.66 14, 16)
Li- saponite 8-hydroxyquinoline 1.66 16)
Mn-montmorillonite 8-hydroxyquinoline 1.66
Zn-montmorillonite 8-hydroxyquinoline 1.65 14, 15)
Zn-saponite 8-hydroxyquinoline 1.35
Cd-montmorillonite sodium sulfide 1.24 23,25)
Mn-montmorillonite sodium sulfide 1.23 22,24)
Ni-montmorillonite sodium sulfide 1.23 24)
Zn-montmorillonite sodium sulfide 1.23 25)
Co-montmorillonite sodium sulfide 1.15 26)
Cu-montmorillonite sodium sulfide 1.19 26)

Reference: Ogawa et al., 1991b”; Khaorapapong, 2010°”; Khaorapapong and Ogawa, 2007, 2008'*, 2010'?; Khaora-
papong et al., 2000'”, 2001'", 2002a'”, 2002b°", 2008a*”, 2008b>, 2009**, 20102, 20106

bipyridine, 4,4'-bipyridine and 1,2-di(4-pyridine)ethylene)
(Ogawa et al., 1991b; Khaorapapong et al., 2000, 2001), cad-
mium-thioacetamide (Khaorapapong et al., 2002a), copper-
thiourea (Khaorapapong, 2010), as well as lithium-, alumini-
um-, zinc- and manganese-8-hydroxyquinoline (Khaorapapong
and Ogawa, 2007, 2008, 2010; Khaorapapong et al., 2002b)
were intercalated in smectites by adsorption of the organic
ligands and in situ complexation between homoionic inter-
layer cations (Na(I), Ca(Il), Co(Il), Cu(Il), Ni(I), Cd(Il),
Li(I), Al(IID), Zn(II) and Mn(II)), and the ligands in the inter-
layer spaces. Metal complexes were formed in the interlayer
spaces after the host and guest substances were mixed in an
agate mortar for 10—15 min in air at room temperature.

The interactions of sulfide ions with the interlayer cations
of smectite via adsorption and in situ formation led to
smectite-metal sulfide hybrids (Khaorapapong et al., 2008a, b,
2009, 2010, 2011). Adsorption and in situ formation processes
of metal sulfides in smectite were conducted by grinding the
cation exchanged smectites with sodium sulfide in an agate
mortar. Metal sulfides were obtained after the solid-solid reac-
tions for 10—15 min and subsequent heat treatment at 200°C
in air.

Characterization of the products

The intercalation of the guest species was confirmed by
X-ray diffraction (XRD), thermal and thermogravimetric-mass
spectroscopy analyses, elemental analysis (CHN), infrared
spectroscopy and transmission electron microscopy. The for-
mations of the complexes and/or metal sulfides into smectites
were indicated by infrared, Raman, UV-visible and photo-
luminescence spectroscopies.

ORGANOAMMONIUM-SMECTITE INTERCALATION
COMPOUNDS

The organoammonium-smectites have been recognized and
used in a wide variety of applications such as hosts of poly-
mers and adsorbents (Ogawa and Kuroda, 1997). When the
interlayer metal cations of smectites are replaced by cationic
surfactants, the hydrophilic surfaces of the silicate layers are
substantially modified to become strongly organophillic called
organophillic clay or organoclay. The combination of the
hydrophobic nature of surfactant and the stable layered
structures of the silicate layers led to unique physicochemi-
cal properties. Although, most of the organophillic clays
were investigated via a famous cation exchange method,
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organoammonium-montmorillonites prepared by solid-solid
reactions were also reported so far. The intercalation com-
pounds were carried out by grinding powders of the reactants
(montmorillonite and alkylammonium salts) together for a few
minutes. The basal spacings of the products are listed in Table
1 (Ogawa et al., 1990a, 1995a). The results showed that the
n-alkylammonium ions (from CI1 to C10) were intercalated
while the larger ions could not be intercalated in the interlayer
spaces, suggesting that steric hindrance inhibited the solid-
state ion exchange reactions. Generally, the intercalation
compounds of organoammonium-smectites show the basal
spacings in the range of ca. 1.4 to 2.2 nm (Lagaly, 1981). It
is well known that the arrangements of the intercalated alkyl-
ammonium ions depend on the layer charge and the alkyl
chain length. In the interlayer spaces of smectites, short chain
alkylammonium ions are arranged in monolayer (ca. 1.4 nm)
and long chain alkylammonium ions in bilayers (ca. 1.8 nm)
with their alkyl chains parallel to the silicate layers. The tran-
sition from monolayer to bilayer arrangement can be occurred
with increasing the alkyl chain length.

In the highly charged smectites, the intercalated alkyl-
ammonium ions, which exhibit a basal spacing of ca. 2.2 nm,
are arranged in kinked alkyl chain layer and referred to as
pseudo-trimolecular layers. For the products with the basal
spacing larger than 2.2 nm, the alkylammonium ions form
the monolayer or bilayer paraffin type arrangements in the
interlayer spaces of some layered materials with higher layer
charge density compared with those smectites (Ogawa and
Kuroda, 1997).

Further study of the influence of the type of alkyl-
ammonium halides on the solid-state ion exchange reactions,
the secondary (dimethyl), tertiary (trimethyl) and quaternary
(tetramethyl) ammonium chlorides were used as the guest
species. The basal spacings of the products (Table 1) (Ogawa
et al., 1990a, 1995a) were consistent with those obtained by
normal ion exchange methods using aqueous solutions of the
organoammonium salts. The basal spacings of the products
(ca. 1.2—1.4 nm) indicated that the alkylammonium ions were
lying flat in between the silicate layers.

The effects of the counter anions and the interlayer cations
on the reactivity were investigated by using the various
quaternary ammonium salts (tetramethyl, tetraethyl, tetra-
propyl, as well as tetrabutylammonium chlorides, bromides
and iodides) as the guest species and sodium- potassium-
and rubidium-montmorillonites as the host materials. When
tetramethylammonium chloride and bromide were used, the
intercalation was easily completed after grinding for a few
minutes. The expansion of the interlayer spaces and the ap-
pearance of sodium chloride and bromide were also observed
in the XRD patterns of the products (Table 1). On the other
hand, when tetramethylammonium iodide was used, the
intercalation was not observed even after grinding for 30
min. The solid-solid reaction between sodium- or potassium-
montmorillonite and tetrabutylammonium chloride showed
the increase in the basal spacing of to be ca. 1.8 nm (Table 1).
In tetrabutylammonium bromide and sodium-montmorillonite
system, the intercalation was observed after the reaction
at 80°C under reduced pressure for 1 day. No reaction was
observed for other systems even after the heat treatment. The

results suggested that counter anions and the interlayer cations
had a certain effect for the solid-state ion exchange reactions
probably due to thermodynamics.

Other types of organoammonium ions including diammo-
niums were also used as the guests. The solid-solid reactions
between ethylenediammonium dichloride, 0-phenylenediam-
monium dichloride, m-phenylenediammonium dichloride or
p-phenylenediammonium dichloride and sodium montmoril-
lonite led to the intercalation compounds. Besides the aliphatic
ammonium ions, anilinium halides were also intercalated into
montmorillonite. The basal spacings increased to 1.45 nm
after grinding for 2 min by the solid-solid reaction of sodium-
montmorillonite and anilinium chloride. The anilinium ions
were intercalated as a monomolecular layer with the aromatic
planes of anilinium ions perpendicular to the silicate layers.
The formation of the intercalation compounds depended on
sizes and types of counter anions used. The behavior ob-
served in the solid-solid reactions was different from that in a
conventional solution method. The preparation of anilinium-
montmorillonites by solid-solid reactions was also reported
by other group (Yoshimoto et al., 2005). The intercalation
compounds obtained between montmorillonite and anilinium
salts with different counter anions were investigated. The
amounts of intercalated species depended on the types of
counter anions and increased with decreasing the size of coun-
ter anions. Although, Vicente et al., reported that adsorbed
water might be involved in solid-solid reaction (Vicente et al.,
1989), our results showed that the water molecule was not es-
sential (Ogawa et al., 1990a, 1995a).

ADSORPTION OF ORGANIC MOLECULES
IN SMECTITES

Adsorption on smectites

Normally, the exchangeable interlayer cations in smectites
are inorganic ions such as sodium and calcium ions. The
cations are strongly hydrated in the presence of water and the
ion-dipole interactions inhibit the adsorption of poorly water
soluble molecules such as organic molecules. Besides the con-
ventional method, solid-solid reaction, which accessibly reacts
without solution, is an easy way to intercalate nonionic mol-
ecules in the interlayer spaces under normal or restrictive con-
dition. The molecular structures of some nonionic guests using
in our works are shown in Tables 4 and 5. The adsorption of
acrylamide on the surface of the dehydrated montmorillonites
by solid-solid reaction was investigated so far (Ogawa et al.,
1989, 1992b). The formation of the intercalation compounds
was confirmed by the increase in the basal spacings of the
products. The basal spacing of acrylamide-montmorillonites
(ca. 1.9 nm) was close to that of the product prepared by treat-
ing montmorillonite with acrylamide in aqueous solution (2.0
nm). Judging from the observed basal spacings of the products
and the estimated size of the acrylamide molecule (0.7 x 0.6 x
3.7 nm), it was postulated that the intercalated acrylamide was
arranged in bilayers with their molecular plane inclined to the
silicate layers. Other types of smectites such as saponite and
hectorite were also used as the host materials for acrylamide
and their basal spacings are listed in Table 2.

Intercalation of methylacrylamide and urea into sodium-
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TasLE 4. The molecular structures of some nonionic guest species for
solid-state adsorption

TaBLE 5. The molecular structures of the organic ligands for solid-solid
reaction and in situ complex formation

Guest Molecular structure Guest Molecular structure
Acrylamide o] 18-Crown-6 ether /\
(0] (0]
NH,
o] Q
Methylacrylamide {

Urea

n-Tetradecylamine

HN

Maleic acid OH O

Fumaric acid

Methylmaleic acid HO 0
o
AN
OH
o]

Methylfumaric acid

p-Aminoazobenzene

p-Dimethylaminoazobenzene Q

Naphthalene “

Anthracene ~

Pyrene ‘
O

-

2,2'-Bipyridine / N\ —
)N\
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montmorillonite was also obtained by the solid-solid
reactions. The basal spacings of methylacrylamide- and urea-
montmorillonites were 1.47 and 1.71 nm, respectively. The
intercalation compounds of urea with calcium- and copper(Il)-
montmorillonites gave the basal spacings of 1.71 and 1.68 nm.
The solid-state intercalations of acrylamide, methylacrylamide
and urea molecules were thought to be caused by the migra-
tion of the solid-solid interface and diffusion of acrylamide
at the surface of montmorillonite particle to be intercalated in
the interlayer spaces of montmorillonite, being the same as
the solid-solid reactions of organic molecules (Rastogi et al.,
1977; Toda et al., 1987).

In order to apply solid-state intercalation for large polar
molecules, the intercalation of the long chain n-alkylamines
(n-tetradecylamine, n-hexadecylamine and n-octadecylamine)
into sodium and calcium montmorillonites (Ogawa et al.,
1990b) was studied. The basal spacings of the products were
ca. 4.8, 5.1 and 5.7 nm for n-tetradecylamine, n-hexadecy-
lamine and n-octadecylamine in sodium montmorillonite,
and at ca. 4.5, 4.9 and 5.4 nm for calcium montmorillonite.
Alkylamines have widely been used as the guest species in in-
tercalation chemistry and their arrangements in the interlayer
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spaces of clay minerals were reported (Brindley, 1965; Lagaly,
1986; Sutherland and MacEwan, 1961; Aragon et al., 1959;
Patil et al., 1984; Vicente et al., 1989). The basal spacings of
the intercalation compounds prepared by the solid-solid reac-
tions were consistent with those previously reported.

p-Aminoazobenzene was immobilized in the interlayer
spaces of sodium-, calcium- and nickel(Il)-montmorillonites
by solid-solid reactions at room temperature (Ogawa et al.,
1991a). The basal spacings were ca. 1.9, 1.8 and 2.0 for
sodium-, calcium- and nickel(IT)-montmorillonites. Photo-
chemical behavior of azobenzene incorporated in homoionic
montmorillonite was studied.

Another example of the solid-solid reactions is the inter-
calation of maleic and methylmaleic acids in the interlayer
spaces of montmorillonite. After grinding the reactants for a
few minutes, the maleic acid-montmorillonite showed the dy,,
diffraction peak at 1.25 nm. The basal spacing did not change
after the heat treatment at 100°C, supporting the intercalation
of maleic acid. A more intriguing result was the different reac-
tivity between cis- and trans-isomers. In contrast to the solid-
solid reaction of maleic acid in the interlayer space of sodium-
montmorillonite, fumaric acid (trans-isomer of maleic acid)
was not intercalated. On the contrary, both of them (maleic
and fumaric acids) were intercalated into sodium-montmo-
rillonite by conventional reaction from ethanolic solutions.
Moreover, an intercalation compound of methylmaleic acid-
sodium-montmorillonite formed with the basal spacing of 1.27
nm, while methylfumaric acid (trans-isomer of methylmaleic
acid) was not intercalated into sodium-montmorillonite. Their
difference was caused by the crystal structures of the guests
and the ability of cis-isomer geometries to form a chelate like
structure with the interlayer exchangeable cations were con-
cerned for the novel selectivity in the solid-state.

Adsorption of ionically neutral molecules into organically
modified smectites

Smectites with metal cations in the interlayer spaces are
hydrophilic and are often not a good adsorbent for poorly
water soluble organic species, which do not compete with
highly polar water for adsorption on the clay mineral surfaces.
However, when the interlayer metal cations are replaced by
organoammonium cations, the surface can be modified to
be organophilic. The organically modified clays including
alkylammonium montmorillonites have been studied widely
as adsorbates, chromatographic stationary-phase, catalysts,
rheology controlling agent and so on (Ogawa and Kuroda,
1997). Alkylammonium montmorillonites prepared by a
conventional ion exchange reaction have been used as the host
materials of nonionic species (Ogawa et al., 1991a, 1992a, b, c,
1993, 1995b, 1996). The immobilization of some neutral
molecules such as photoactive species in the interlayer spaces
of the alkylammonium montmorillonites was investigated and
unique behaviors of the intercalated species were found.

Naphthalene-alkyltrimethylammonium  (C,H,,.,(CH;)N";
n =28, 12, 14, 16 and 18)-montmorillonites were obtained by
solid-solid reactions at room temperature (Ogawa et al.,
1992c¢). These reactions were completed within 10 min, show-
ing that the mobility of the organic species was very high even
in the solid-state. Octyltrimethylammonium (OTMA, C8)-

montmorillonite did not form the intercalation compound
with naphthalene. While both dodecyltrimehylammonium
(DTMA, C12)- and octadecyltrimethylammonium (ODTMA,
C18)-montmorillonites gave the intercalation compounds
with the basal spacings of 3.0 and 3.5 nm, respectively. Since
the basal spacings of the original alkyltrimethylammonium-
montmorillonites were different (1.8 nm for DTMA-montmo-
rillonite and 2.3 nm for ODTMA-montmorillonite), the simi-
larity in the expansion of the basal spacings indicated that the
intercalated naphthalene was sandwiched by the alkyl chains
of the alkyltrimethylammonium ions and closely packed in
the interlayer spaces. The alkyl chain length of alkyltrimeth-
ylammonium ions affected the reactivity, supporting that the
hydrophobic interactions between alkyltrimethylammonium-
montmorillonites and aromatic compounds were the driving
force for the solid-state intercalation.

The solid-state intercalation of azo-dyes, p-aminoazoben-
zene (P-AZ) and p-dimethylaminoazobenzene (p-MZ), into
organoammonium montmorillonite and swelling fluortetrasi-
licic micas (TSMs) was conducted (Ogawa et al.,, 1991a,
1996). The basal spacings of the products are listed in Table 2.
Photoisomerization of p-AZ in organoammonium montmoril-
lonite and TSMs were investigated as follows; the products
were embedded in poly(vinyl alcohol) film and the UV-visible
absorption spectra of the films were recorded before and after
the irradiation. In comparison with the absorption spectrum
observed for a dilute benzene solution of trans-p-AZ (377
nm), the bands of p-AZ in organoammonium TSMs were red-
shifted, showing the partial aggregation, and/or the effects of
the polarity and rigidity of p-AZ surroundings. The interca-
lated p-AZ showed reversible cis-trans photoisomerization
upon UV irradiation and subsequent thermal treatment.

Intercalation of two arenes molecules, anthracene and
pyrene, into alkylammonium-montmorillonites (ODTMA,
C:3C,N" and dimethyldioctadecylammonium, 2C,;2C;N",
DMDODA types) was investigated by solid-solid reac-
tions (Ogawa et al., 1992c¢, 1993). Anthracene-ODTMA-
montmorillonite intercalation compounds showed the similar
basal spacings for the ratios of host:guest were 1:1 and 1:2,
indicating that the amount of anthracene intercalated into the
ODTMA-montmorillonite was limited. In comparison with
the reactions between alkylammonium-montmorillonites and
naphthalene, the different reactivities of anthracene resulted
from the variable hydrophobicity of the interlayer spaces of
the alkylammonium-montmorillonites. Because of the bulki-
ness and more hydrophobic nature of anthracene compared to
those of naphthalene, the anthracene intercalation was thought
to require more hydrophobic host material.

The XRD patterns of the arene-alkylammonium-montmo-
rillonite intercalation compounds showed the two different
types of the adsorption of arene molecules. The arenes in the
ODTMA-montmorillonite were aggregated and those in the
DMDODA-montmorillonite were rather dispersed between
the alkyl chains in the interlayer space. In the ODTMA-
montmorillonite, the observed basal spacings showed that the
alkylammonium ions were arranged as pseudo-trimolecular
layers with their alkyl chains parallel to the silicate layers. For
the DMDADA-montmorillonite, two types of arrangements
were expected; one was monomolecular coverage with their
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alkyl chains inclined to the silicate layers at ca. 53 degree and
the other was bimolecular coverage with their alkyl chains
inclined to the silicate layers at ca. 23 degree. The hydropho-
bic interactions between the guest species and the interlayer
alkylammonium ions were the driving force for the solid-solid
reactions.

Fluorescence spectra of the intercalated pyrene revealed
an emission of monomer (at 400 nm) together with the broad
band due to excimer (at 500 nm). The ratio of monomer to ex-
cimer emission intensity for the DMDADA-montmorillonite
system was three times higher than that for the ODTMA-
montmorillonite system, indicating that the intercalated pyrene
molecules were isolated in the interlayer space of DMDADA-
montmorillonite compared with those of the adsorbed pyrenes
in ODTMA-montmorillonite. The intercalation behavior of
arenes was different depending on a kind of the alkylam-
monium-montmorillonites that acted as organizing media
with other adsorption states. The two organically modified
montmorillonites not only showed different reactivity in the
intercalation of the arene molecules but also provided differ-
ent adsorption states (Ogawa et al., 1995b). Similar results
were observed when fluortetrasilicic mica was used as the host
substance. The basal spacing and the amount of the adsorbed
organoammonium cations of the ODTMA- and DMDADA-
TSMs were similar to those of the corresponding organoam-
monium-montmorillonites, indicating similar arrangements of
the intercalated alkylammonium ions in the interlayer spaces.
The changes of the XRD patterns for the reactions of the two
organoammonium-TSMs with anthracene or pyrene were also
similar to those observed for the montmorillonite systems.

Because of the lower layer charge density of synthetic
saponite (CEC of 70 meq/100 g clay) compared with that of
montmorillonite, the saponite was used as a host material in
order to elucidate the difference of the adsorption states. The
DMDADA-saponite showed the smaller basal spacing of 2.2
nm, indicating that the intercalated DMDADA ions arranged
as a pseudo-trimolecular layer in the interlayer space of sapo-
nite similar to that observed for the ODTMA-montmorillonite.
When pyrene was intercalated in the interlayer space of the
DMDADA-saponite, the change in the fluorescence spectra
as a function of the loaded amount was also similar to that
observed for the ODTMA-montmorillonite system. The fluo-
rescence spectrum showed the tendency of pyrene molecules
to form excimer (or dimer) similar to those for the ODTMA-
montmorillonite and TSM systems. On the other hand, the
ratio of monomer to excimer intensity for the pyrene-
DMDADA-TSM intercalation compound was two times
higher than that for the ODTMA-TSM system.

The observations revealed that the arrangements of the in-
tercalated alkylammonium ions are an important factor for the
difference in the adsorption states of the guest species. When
the interlayer alkylammonium ions arranged with the alkyl
chain parallel to the silicate layers, the intercalated pyrene
molecules tended to aggregate. On the other hand, the pyrene
molecules dispersed effectively when the intercalated alkyl-
ammonium ions arranged as a paraffin type. All these results
suggested that a wide variety of reaction environments can
be created by selecting the hosts with different layer charge
densities and guests with various sizes.

The photoluminescence results indicated that the interca-
lated pyrene molecules were separated molecularly by alkyl
chains, and their motion was largely restricted. The nature of
crystalline structure of the host materials played a role to iso-
late probe molecules effectively at such high concentration. To
our knowledge, the incorporation of guest species in surfactant
molecules with retaining an ordered structure is very difficult.
Since the high concentration of photoactive centers is a merit
for the application of such types of composite materials and
their structural regularity, as well as the stability, the assembly
of surfactant molecules formed in the layered materials is an
important medium from both practical and scientific studies.

IN SITU COMPLEXATION BY ADSORPTION
OF ORGANIC LIGANDS

The immobilization of metal complexes in the constrained
environment makes it possible to conduct reactions in the
solid-state like in solutions and to minimize various technical
limitations, which intrinsic in the homogenous system (Ogawa
and Kuroda, 1995, 1997). Layered clay minerals possess the
potential modifications of the selectivity and activity of the
supported metal complexes. In some cases, the intercalation
compounds of metal complex-clay minerals provide the
unique selective property of a catalyst system or the unusual
physicochemical properties of metal complexes. The ordered
structure of smectites has played an important role in the
synthetic design of heterogeneous catalysts and so on. The
intercalation compounds of metal-2,2'-bipyridine-smectites
have been studied and applied as catalysts and clay-modified
electrodes (Pinnavaia, 1983). Solid-solid reaction is one of the
effective methods to immobilize metal complexes in the inter-
layer spaces of smectites. When the interlayer sodium ions of
pristine smectites are substituted by other metal cations, the
charge transfer between the interlayer metal ions and organic
ligands can be a driving force for the intercalation.

A typical property of macrocyclic polyethers such as
18-crown-6, benzo-12-crown-4, didenzo-18-crown-6 is the
ability to form stable complexes with alkali, alkaline earth and
transition metal ions. Intercalation compounds of macrocyclic
polyether ligands may provide the useful applications for
solid-electrolytes and ion selective membrane (Ruiz-Hitzky
and Casal, 1978; Ruiz-Hitzky and Aranda, 1990; Ruiz-Hitzky
et al., 1995). The intercalation compounds with the basal
spacing of ca. 1.9 nm were obtained by solid-solid reactions
between of 18-crown-6-ether and potassium-, rubidium- as
well as ammonium-montmorillonites (Ogawa et al., 1996).
The solid-solid reactions possessed the intercalation com-
pounds with the basal spacings different from those prepared
by a conventional method. The interactions between the
interlayer cations and the ligands played an indispensable
role for the reactions. The expansions of the interlayer spaces
(ca. 1.0 nm) suggested that the intercalated 18-crown-6-ether
molecules formed bilayers in the interlayer spaces with the
molecular planes parallel to the silicate layers or monolayer
with the molecular planes inclined to the silicate layers. Larger
basal spacings observed for the products prepared by solid-
solid reactions suggested that the greater amount of 18-crown-
6-cther was intercalated in the interlayer spaces. Because the
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arrangements of the guest species in the interlayer spaces are
very important to determine the properties of the intercalation
compounds, the present observation that the different reac-
tion procedures led to the difference in the microstructures of
intercalation compounds is worth mentioning.

2,2'-Bipyridine (abbreviated as bpy) was intercalated into
montmorillonite (Ogawa et al., 1991b). The yellowish brown
product, Co(bpy);-montmorillonite, was obtained by solid-
solid reactions between cobalt(Il)-montmorillonite dried at
120°C under vacuum or air dried cobalt(IT)-montmorillonite,
and 2,2'-bipyridine at room temperature for a few minutes.
The basal spacings of both hybrids were 1.81 nm, cor-
responding to the expansion of the interlayer spaces by 0.85
nm. The result indicated that the complex was arranged as a
monolayer with the 3-fold axis of the complex perpendicular
to the silicate layers (Fig. 1a). The product obtained by con-
ventional ion exchange reaction of an aqueous dispersion
montmorillonite and an aqueous solution of [Co(bpy);]Cl; was
also 1.81 nm, supporting that the intercalated 2,2'-bipyridine
formed [Co(bpy);]"" during the solid-solid reaction. The UV-
visible diffuse reflectance spectrum of the product prepared
by solid-solid reaction was identical to that of the product
obtained by conventional ion exchange reaction. The IR
spectrum also indicated that the intercalated 2,2'-bipyridine
formed [Co(bpy),]*" in montmorillonite. 2,2"-Bipyridine was
also intercalated into sodium-, calcium- and magnesium-
montmorillonites by solid-solid reactions and in situ complex-
ation.

Other diimines, 4,4"-bipyridine and 1,2-di(4-pyridine)
ethylene were intercalated into the interlayer spaces of
cobalt(I)-, nickel(Il)- and copper(Il)-montmorillonites by
solid-solid reactions (Khaorapapong et al., 2000, 2001). 4,4'-
Bipyridine and 1,2-di(4-pyridine)ethylene are the excellent
bridging ligands, and so far a number of one-, two- and three-
dimensional frameworks of metal complexes of the ligands
have already been generated (Slone et al., 1996; Hagrman
et al., 1998a, b; Tong et al., 1999). The intercalation of 4,4'-
bipyridine and 1,2-di(4-pyridine)ethylene into montmoril-
lonites was expected to exhibit novel structures and proper-
ties such as molecular recognitions and so on. Homoionic
(Co(IT)-, Ni(IT)- and Cu(II)-) montmorillonites were prepared
by conventional ion exchange reactions and subsequently
reacted with 4,4'-bipyridine (or 1,2-di(4-pyridine)ethylene) by
solid-solid reactions. The basal spacings of all products were
1.5 nm. The increase in the basal spacings was caused by the
intercalation of 4,4'-bipyridine and 1,2-di(4-pyridine)ethylene
through ligand displacement reactions between water and
diimine molecules. The intercalated diimines formed complex
cations with the formula of [M"L,], type coordination poly-
mers in the interlayer spaces of montmorillonites (Fig. 1b),
where M and L represented metal and ligand (4,4'-bipyridine
and 1,2-di(4-pyridine)ethylene), respectively. Although the
introduction of pre-synthesized coordination polymers in
the interlayer spaces of layered solids is very difficult due to
the low solubility of coordination polymers, the solid-state
intercalation and in-situ complexation are an effective way to
prepare planar coordination polymer-layered silicate hybrid
materials.

Intercalation of thioacetamide and thiourea molecules in

the interlayer spaces of Cd(II)- and Cu(II)-montmorillonites
was also conducted by solid-solid reactions at room tem-
perature (Khaorapapong, 2010; Khaorapapong et al., 2002a).
One of the objects of the use of thioacetoamide and thiourea
was a possible application as a precursor of metal sulfides.
The intercalated thioacetamide with the basal spacing of 1.50
nm (Cd(II):thioacetamide = 1:3) formed a monolayer in the
interlayer space and that of 1.75 nm (Cd(II):thioacetamide =
1:6) suggested that the intercalated thioacetamide formed a
bilayer arrangement. The observed basal spacings decreased
gradually to ca. 1.3 nm when the products were stored in air
at room temperature for several months. Moreover, the reflec-
tions of thioacetamide crystal as well as those of cadmium
sulfide particles were observed. The formation of cadmium
sulfide was also confirmed by the change in the color of the
products from white to yellow and the appearance of the
UV-visible absorption bands owing to cadmium sulfide. The
absorbance of the infrared bands due to thioacetamide and
the organic contents of the products were reduced, indicating
that thioacetamide molecules were partly decomposed to give
cadmium sulfide, and the decomposition accompanied the
deintercalation and sublimation of thioacetamide from the
interlayer space of montmorillonite. Interestingly, thiourea
reduced the interlayer copper(Il) ion to copper(l) and was
oxidized to formamimide disulfide in the interlayer space.
The remained thiourea molecules formed copper(l) thiourea-
montmorillonite, which was the ESR silent. The intercalation
compound showed the basal spacing of ca. 1.70 nm. The
Raman bands at 221 and 249 cm ™' indicated the formation
of the four-coordinate copper, [Cu'(thiourea),]’, and three-
coordinate copper, [Cu'(thiourea),]*, as the major and minor
products in the interlayer space of montmorillonite.

The complexes studied widely for organic light emitting
diodes (OLEDs) (Chen and Shi, 1998; Schmitz et al., 2000),
including tris(8-hydroxyquinoline)aluminium(IIl) (abbrevi-
ated as Alg;), bis(8-hydroxyquinoline)zinc(Il) (abbreviated as
Znq,), bis(8-hydroxyquinoline)manganese(Il) (abbreviated as
Mngq,), and mono(8-hydroxyquinoline)lithium(I) (abbreviated
as Liq) complexes, were incorporated in the interlayer spaces
of smectites by solid-solid reactions between homoionic
(AI(IIT)-, Zn(II)-, Mn(II)- and Li(I)-) smectites and 8-hy-
droxyquinoline (8hq) at room temperature (Khaorapapong and
Ogawa, 2007, 2008, 2010; Khaorapapong et al., 2002b). The
intercalated Alg, complex took monolayer arrangement or the
8-hydroxyquinoline molecules formed bilayer arrangement
in the interlayer spaces. Considering the expansions of the
interlayer spaces (ca. 0.70 nm) of the Znq,-, Mnq,- and Lig-
montmorillonites, as well as the molecular size and geometry
of 8-hydroxyquinoline molecules, the hydrated complexes
formed in montmorillonite and anhydrous Zng, complex in
synthetic saponite. Since the expansion of the interlayer space
of Lig-saponite (ca. 0.40 nm) was smaller than that observed
for Lig-montmorillonite (ca. 0.70 nm), the coordinated 8Hq
of Liq in saponite and montmorillonite formed a monolayer
arrangement with the different molecular packing in the
interlayer spaces due to the different in CEC of the two clay
minerals.

The luminescence intensity of the Alqg, (Fig. 2) and Zngq,
complexes in synthetic saponite was much higher than those
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Fic. 1. The proposed molecular structures of (a) cobalt-2,2"-bipyridine
and (b) metal-4,4'-bipyridine or 1,2-di(4-pyridine)ethylene

of corresponding complexes in montmorillonite, and this
result was ascribed to the very small amount of the quench-
ing impurities in synthetic saponite. The wavelength of the
UV-visible and luminescent bands of the complexes varied
slightly depending on the hosts, indicating the different mo-
lecular structure and packing of the complexes into smectites.
The selection of appropriate host materials, interlayer cations,
and guest species as a ligand are the quite promising methods
for incorporating highly functional neutral complexes in the
interlayer region by the solid-state intercalation.

FORMATION OF METAL SULFIDE NANOPARTICLES
IN SMECTITE

Semiconductor particles including metal sulfides have been
extensively studied due to their numerous potential applica-
tions such as catalysts for coal liquefaction, solid lubricants
and electrooptical devices for rechargeable batteries, solar
cell and coatings for microwave shields (Tian et al., 1995; Hu
et al., 2002; Qin et al., 2005; Camacho-Bragado et al., 2008).
The particle size and size distribution play the important roles
in determining the unusual optical properties and activities
of the semiconductors. The optimum size ranges from 10
to 20 nm (Tian et al., 1995). Control over the size and size
distribution of metal sulfide particles are, therefore, of great
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Fic. 2. Photoluminescence spectra of Alg;-montmorillonite (a), Alqs-
saponite (b) and XRD patterns (inset) of Algs;-montmorillonite-
Na,S (c), Algs-saponite (d)

importance. Various methods have been developed to synthe-
size metal sulfides including adsorption of metal sulfide in re-
strictive systems such as MCM41 (Zhang et al., 2001), carbon
nanotube (Du et al., 2005), zeolites (Iacomi et al., 2003) and
layered metal oxide (Shangguan and Yoshida, 2002) partly
because of their enhanced photoluminescence property and
photocatalytic activity. The two dimensional nanospaces of
pristine and organically modified smectites such as saponite
and hectorite have been also utilized as the great supports to
prohibit the aggregates of metal sulfide particles and their
optical properties have been studied widely (Stramel et al.,
1986; Kotov et al., 1993; Miao et al., 2006). Besides the con-
ventional reaction, the so-called solid-solid reaction, an attrac-
tive method due to its simplicity and productivity, has been
successfully applied to prepare metal sulfides in the interlayer
spaces of montmorillonite and the resulting hybrids led to the
unique optical properties.

Cadmium sulfide, zinc sulfide, magnesium sulfide, nickel
sulfide, cobalt sulfide and copper sulfide were immobilized
in the interlayer spaces of montmorillonite by solid-solid
reactions and in situ formation between homoionic (Cd(II)-,
Zn(II)-, Mn(II)- and Ni(II)-) montmorillonites and sodium
sulfide with the molar ratio of 1:1 at room temperature
(Khaorapapong et al., 2008a, b, 2009, 2010, 2011). The
expansions of the interlayer spaces of the metal sulfide-mont-
morillonites were determined to be ca. 0.2—0.3 nm (Figs. 3a—
3d and Table 1). The dark images of quantum sized cadmium
sulfide particles with an average diameter of ca. 6—10 nm
(Fig. 3e), as well as those of zinc sulfide, manganese sulfide,
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nickel sulfide (Figs. 3f—3h), cobalt sulfide and copper sulfide
particles with an average size of 2—9 nm were well dispersed
in the interlayer spaces of montmorillonite, where the disks
or plate planes were oriented parallel to the silicate layers.
Spectral shifts of the Raman and UV-visible absorption sug-
gested the formation of metal sulfides. The semiconductor
particles showed quantum size effects as suggested by in the
blue shifts of UV-visible absorption onsets relative to the bulk
semiconductors.

Metal sulfide-montmorillonite hybrids showed the differ-
ence of the appearance of photoluminescence behaviors. Cad-
mium sulfide and zinc sulfide in montmorillonite exhibited the
emission bands after solid-solid reactions and the bands still
maintained after subsequent heat treatment at 200°C (Figs.
3a and 3b). On the other hand, no Iuminescence band was
observed for manganese sulfide-, nickel sulfide-, cobalt sul-
fide- and copper sulfide-montmorillonites prepared by solid-
solid reactions and subsequent heating at 200°C, however, the
emission bands were seen in the photoluminescence spectra
of the products after storage for several months. The very
slow processes were concerned for the states of the formed
particles.

The photoluminescence intensities of the products
were weak due to the presence of quenching impurities in
montmorillonite. The present solid-state intercalation and
in situ formation of metal sulfides in the interlayer spaces of
montmorillonite are promising synthetic methods to prepare
metal sulfide-montmorillonite hybrid materials with novel
nanostructure and properties.

(€9) (h)

20 nm

(e) )

20 nm

XRD patterns and TEM images of CdS-montmorillonite (200°C) (a, e), ZnS-montmorillonite (200°C) (b, f), MnS-montmorillonite (200°C,

CONCLUSIONS AND FUTURE PERSPECTIVE

The solid-solid reaction summarized here is unique and
may be applied as a facile method for preparation of the novel
layered silicate hybrids. In addition, it led to the formation of
nanohybrid products, which cannot be obtained by the con-
ventional ion exchange method.

The organization of organic and inorganic substances in the
interlayer spaces of smectites has been reviewed. The inter-
calation compounds of organic cations and nonionic species
were conducted by solid-state cation exchange and adsorp-
tion methods. Solid-state modification of smectites by metal
chelates and metal sulfides was carried out by adsorption and
in situ formation between homoionic exchanged-smectites and
the appropriate ligands.

Modification of solid surface with organoammonium ions
gave the strongly organophillic products that be able to immo-
bilize nonionic molecules in the interlayer spaces. Hydropho-
bic guest species with photoactivities such as azo-dyes were
intercalated in the nanospaces of the organically smectites.

The introduction of metal complexes and metal sulfides
was achieved by adsorption of the ligands and in situ forma-
tion in the interlayer spaces. The confined environment of low
dimensional layered materials was used to produce the novel
microstructures and properties of the materials.

The successes in preparation of intercalation compounds
with specific microstructures and properties by solid-solid
reactions might motivate researchers for designing novel low
dimensional nanohybrid materials from the other layered host
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months) (¢) and NiS-montmorillonite (200°C, 4 months) (d)

and guest species.
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A novel hybrid material of cadmium telluride, one of the II-VI group of semiconductors, and
hexadecyltrimethylammonium-montmorillonite was prepared by the intercalation of cadmium
telluride into hexadecyltrimethylammonium-montmorillonite. The resulting hybrids were
characterized by X-ray diffraction, FT-IR, HRTEM, TG-DTA, UV-visible and photoluminescence
spectroscopies. The size and size distribution of cadmium telluride were stabilized by
hexadecyltrimethylammonium-montmorillonite, which can greatly affect the optical properties. High
resolution transmission electron micrographs showed that cadmium telluride particles with the
diameter of 1.30-2.50 nm were well-separated and uniformly distributed in the interlayer spaces of

hexadecyltrimethylammonium-montmorillonite.

Introduction

The development of fluorescent semiconductor nanoparticles is a
current topic of great interest for both fundamental and practical
applications because of their strongly size-dependent optical
properties that make them usable as nonlinear optical materials,
photocatalysts, sensing and so on."? Generally, the nanosized
semiconductors are inherently unstable, they tend to grow larger
than the quantum size domain.! Therefore, the preparation of
semiconductor nanoparticles has been conducted under
restricted environments or controlled conditions for the possible
molecular design at a nanometer scale.” Inorganic matrices are
one of the possible supports for nanoparticles owing to their
stability and defined nanostructures. The incorporation of
semiconductor nanoparticles within the inorganic matrices so as
to generate a hybrid material is one successful method for
stabilizing quantum size semiconductors.

Smectite, which is a group of layered clay minerals, including
montmorillonite, is an inorganic solid which has attractive
features such as large surface area, swelling behaviour, adsorp-
tive and ion exchange properties, biocompatibility, as well as null
toxicity for a wide range of applications.* The interlayer spaces
of layered inorganic materials can be modified by organo-
ammonium cations and their colloidal properties make them
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possible to produce novel hybrid materials of various semi-
conductors. The examples include formation of metal sulfide
nanoparticles in smectites that efficiently limited nucleation and
growth conditions to provide uniformly dispersed nanoparticles,
decrease surface energy, inhibit molecular diffusion, as well as
control the particle size.*® The preparation of semiconductor
and metal nanoparticles in layered materials, montmorillonite, as
well as layered alkali silicate and titanate, is a focus of our work
to achieve useful materials such as luminescent materials and
photocatalysts.'®!

Highly emissive cadmium telluride (CdTe) nanoparticles show
great potential in biological labelling and so on due to their
unique optical properties such as narrow emission band associ-
ated with tunable particle size and size distribution.?'*** Tt was
previously reported that the use of organic and organometallic
capping agents'*!5 as well as polymers*® for the synthesis of CdTe
resulted in the aggregation of CdTe clusters by the hydrophobic
interactions between the capping agents. There are a few
complicated methods for the preparation of CdTe nanoparticles
that use three-dimensional microstructures, for instance, CdTe—
PAMAM (poly(amidoamine))-MWNT (multi-walled carbon
nanotube)'” and CdTe-zeolite-A.*® In the present study, a simple
process under mild conditions was used to prepare CdTe nano-
particles in a two-dimensionally restricted environment, the
interlayer spaces of organically modified montmorillonite.
Although a method for controlling the particle size of CdTe
within zeolite A has been reported, the small 6-ring window (0.22
nm) of the matrix limited encapsulation of CdTe particles due to
the large size of Te anion (0.44 nm).'® Because the interlayer
space of montmorillonite is expandable for a variety of small and
large sizes of guest species, the incorporation of CdTe in between
the silicate layers seems to be possible to give novel hybrids of
CdTe nanoparticles confined in the two dimensional nanospace.

This journal is © The Royal Society of Chemistry 2012
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Recently, in situ formation of CdTe in the layered clay mineral
has been reported.’® However, the release of the large amount of
CdTe under UV radiation is harmful for biological application
and the environment. To the best of our knowledge, the inter-
calation of pre-synthesized CdTe in layered materials has not
been investigated yet. Here, cadmium telluride was prepared
and inserted in the hydrophobic surface of hexadecyl-
trimethylammonium-montmorillonite by a facile solid-liquid
reaction in order to control its thermal and optical properties.
The effect of hexadecyltrimethylammonium-montmorillonite on
the particle size and size-distribution of CdTe nanoparticles was
also examined.

Experimental section
Materials

Sodium-montmorillonite (Kunipia F, Kunimine Industries, the
reference clay sample of the Clay Science Society of Japan; JCSS-
3101) was used as a host material. The cation exchange capacity
(CEC) is 119 meq. per 100 g of clay. Hexadecyl-
trimethylammonium (HDTMA) bromide (C,oH4,NBr), tellu-
rium (Te) powder and thioglycolic acid (TGA) were purchased
from Sigma-Aldrich. Cadmium chloride (CdCl,-H,O) was
obtained from Carlo Erba Reagenti. Sodium borohydride
(NaBH,) was supplied by Univar. All chemicals are of analytical
grade and were used without further purification.

Synthesis of CdTe-HDTMA-montmorillonite hybrids

Hexadecyltrimethylammonium-montmorillonite was prepared
by a conventional ion exchange reaction between an aqueous
solution of HDTMA bromide and an aqueous suspension of
montmorillonite. The amount of the loading HDTMA ions was
equal to the CEC of Na-montmorillonite. The mixture was
allowed to react by magnetic stirring at 70 °C for one day. An
aqueous solution of thioglycolic acid-stabilized cadmium tellu-
ride (TGA-stabilized CdTe) was prepared by refluxing an
aqueous solution of cadmium chloride, sodium hydro-
gentelluride (NaHTe) and thioglycolic acid in a nitrogen atmo-
sphere for 2 hours® and subsequently reacted with the dispersion
of HDTMA-montmorillonite. The mixture was stirred until the
CdTe solution was totally adsorbed in HDTMA-montmoril-
lonite. The resulting solids were separated by centrifugation,
washed with distilled water and dried in a desiccator at room
temperature for 4 days. The amounts of TGA-stabilized CdTe
reacted with the HDTMA-montmorillonite were 12, 36 and 60
meq. per 100 g of montmorillonite.

Instrumentation

X-ray diffraction data were collected on a Bruker DS
ADVANCE diffractometer using monochromatic CuKa radia-
tion. A Perkin-Elmer Spectrum One Fourier transform-infrared
(FT-IR) spectrophotometer was employed for recording the
spectra using the KBr pellet method. TEM images were taken
using a Tecnai G 20 transmission electron microscope operating
at 200 kV (FEI). TG-DTA curves were obtained with a Perkin-
Elmer Pyris Diamond TG-DTA at a heating rate of 10 °C min !
under dried air flow using o-alumina (a-Al,O3) as a standard

Fig. 1 The solid samples of (a) HDTMA-montmorillonite, (b)
CdTe(12)-HDTMA-montmorillonite, (¢c) CdTe(36)-HDTMA-montmo-
rillonite, (d) CdTe(60)-HDTMA-montmorillonite and (¢) TGA-stabi-
lized CdTe.

material. Diffuse reflectance spectra were recorded with a Shi-
madzu UV-VIS-NIR-3101PC scanning spectrophotometer using
an integrated sphere. Luminescence spectra were recorded with a
Hitachi F-4500 fluorescence spectrofluorophotometer with the
excitation at 380 nm. Fluorospectroscopic photographs were
taken using a Nikon ECLIPSE E600 fluorescence microscope.
Photoluminescence quantum yields of the powder samples were
measured by a Hamamatsu photonics C9920-02.

Results and discussion

As a result of conventional solid-liquid reaction between an
aqueous solution of TGA-stabilized CdTe and a dispersion of
HDTMA-montmorillonite, yellow solids were obtained (Fig. 1)
and the supernatant liquid was colourless. This result suggested
that the CdTe was adsorbed by HDTMA-montmorillonite
during the reaction. Hereafter, the hybrids are denoted as
CdTe(n)-HDTMA-montmorillonite, where n in the parenthesis
indicates the amount of TGA-stabilized CdTe at the loading
amounts of 12, 36 and 60 meq. per 100 g of montmorillonite.
The XRD patterns of the three hybrids are shown in Fig. 2
together with that of HDTMA-montmorillonite. Before the
incorporation of TGA-stabilized CdTe the hydrophilic inter-
lamellar surface of montmorillonite was recovered by the alkyl

Fig. 2 XRD patterns of (a) HDTMA-montmorillonite, (b) CdTe(12)-
HDTMA-montmorillonite, (c) CdTe(36)-HDTMA-montmorillonite
and (d) CdTe(60)-HDTMA-montmorillonite.
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chains of HDTMA ions, resulting in the organophilic surface.®
The basal spacing of HDTMA-montmorillonite was 2.06 nm
(Fig. 2a). The expansion of the interlayer space was determined
to be 1.10 nm by subtracting the thickness of the silicate layer (ca.
0.96 nm) from the observed basal spacing, suggesting that
alkylammonium ions arranged in the kinked alkyl chain or
paraffin type monolayer in between the silicate layers. The basal
spacing of HDTMA-montmorillonite was large enough to
incorporate CdTe particles in the interlayer space. The XRD
pattern of TGA-stabilized CdTe revealed the three broad
diffraction peaks, corresponding to the (111), (220) and (311)
lattice planes of zinc blende CdTe (JCPDS 75-2086) (ESI,
Fig. S11). The basal spacings of CdTe(12)-, CdTe(36)- and
CdTe(60)-HDTMA-montmorillonites were 2.03, 1.92 and 2.05
nm (Fig. 2b-d), corresponding to the gallery heights of 1.07, 0.96
and 1.09 nm, respectively. The XRD patterns of the hybrids did
not show the reflection due to CdTe crystal or the other
components, confirming that the CdTe was intercalated in the
interlayer spaces. The basal spacing of HDTMA-montmoril-
lonite did not increase further even when a large amount of CdTe
was mixed. It was considered that even with such a large number
of CdTe being loaded, HDTMA-montmorillonite could support
the semiconductor particles and maintain the structural features
of the host. This indicated that the size and/or the thickness of
CdTe nanoparticles were independent from the amount of the
intercalated CdTe nanoparticles. There is a possibility that the
CdTe could adsorb at the external surface of montmorillonite,
but the relative contribution of the external surface to the
interlayer space should be very small and could not be detected
by the conventional XRD measurement. We assumed that the
adsorption of neutral CdTe on the organophilic surface of
montmorillonite occurred through the hydrophobic interactions,
namely the water soluble TGA-stabilized CdTe nanoparticles
were first attached to the sodium cations in the suspension of
HDTMA-montmorillonite and subsequently interacted with the
hydrophobic surface of HDTMA-montmorillonite. In order to
confirm that the CdTe was indeed intercalated into the interlayer
spaces of HDTMA-montmorillonite, the suspension of sodium
montmorillonite (pale gray powder) was reacted with an aqueous
solution of TGA-stabilized CdTe (yellow colour solution). After
the reaction, the precipitate was pale gray (not coloured) and the
supernatant liquid contained the yellow colour of TGA-stabi-
lized CdTe still. This observation indicated that the CdTe semi-
conductor was not intercalated into sodium montmorillonite,
which was in contrast to the reaction with HDTMA-
montmorillonite.

The FT-IR spectra of the hybrids were compared with that of
TGA-stabilized CdTe (ESI, Fig. S21). The FT-IR spectra of the
hybrids showed the characteristic bands due to HDTMA ion
including a CH, symmetric stretching vibration at around 1482
cm~!. By comparison with the band assigned to the CH, vibra-
tions of the alkyl chain of HDTMA (at 2918, 2850 and 1480
cm™!; not shown), it was thought that the absorption bands
observed in the hybrids almost remained at the same frequencies,
suggesting that the interactions between the HDTMA ion and
the silicate layer did not affect the orientation of HDTMA. The
presence of the CdTe nanoparticles in HDTMA-montmoril-
lonite was confirmed by the appearance of the absorption bands
due to the surface stabilizing agent, thioglycolic acid, such as a

Fig. 3 (a) TEM micrographs of CdTe(36)-HDTMA-montmorillonite
(inset: particle size distribution of CdTe(36)-HDTMA-montmorillonite)
and (b) high-magnified TEM micrograph of CdTe(36)-HDTMA-
montmorillonite.

C=O0 stretching vibration band of the carboxylate group at
around 1384 cm ™. In the FT-IR spectra of the hybrids, a sharp
absorption band was observed at around 1380-1385 cm™',
showing the co-adsorption of the CdTe in the interlayer spaces.'®

The size and size distribution of the CdTe nanoparticles in
HDTMA-montmorillonite were studied by high resolution
transmission electron microscopy (HRTEM). The TEM micro-
graph of CdTe(36)-HDTMA-montmorillonite is shown in Fig. 3
as an example. The darker contrast observed on the micrograph
was due to the effect of the reflection of CdTe nanoparticles as
the average atomic number of the nanoparticles is higher than
that of the silicate layer, indicating the presence of the CdTe
nanoparticles in the interlayer space. The TEM micrograph also
showed that the round-shaped CdTe nanoparticles with a
diameter of about 1.30-2.50 nm (Fig. 3a, inset) distributed
uniformly in between the silicate layers. Taking the gallery height
of CdTe(36)-HDTMA-montmorillonite (0.96 nm) and the
average size of the nanoparticles (ca. 1.30-2.50 nm) into account,
it was thought that the absorbed CdTe nanoparticles were disk-
like in shape with the thickness of =ca. 1.00 nm and the lateral
size of 1.30-2.50 nm. The crystal structure of the intercalated
CdTe was further analyzed using the HRTEM micrograph and
selected area electron diffraction (SAED) pattern. Although the
lattice plane of the intercalated CdTe was not clearly seen by
HRTEM due to the interaction of the electron beam with the
intercalated HDTMA ion in montmorillonite,?! it showed the
lattice plane spacing of about 0.22 nm (Fig. 3b), corresponding to
the zinc blende CdTe. The selected area electron diffraction
(SAED) pattern of CdTe(36)-HDTMA-montmorillonite dis-
played both a (220) ring assigned to the zinc blende phase of the
intercalated CdTe, and a ring-pattern of montmorillonite (ESI,
Fig. S31). Fig. 3b revealed a characteristic of Moiré fringes that
are affected by the interaction between the externally adsorbed
CdTe and HDTMA-montmorillonite, indicating the existence of
the CdTe on the surfaces. The results confirmed the presence of the
CdTe nanoparticles in the interlayer space and the small amount
at the external surface of montmorillonite. The restricted micro-
environment of HDTMA-montmorillonite greatly controlled the
separation and distribution of the CdTe nanoparticles.

In order to confirm the stability, thermogravimetric analysis of
all hybrids was performed. The TG-DTA curves of CdTe(36)—
HDTMA-montmorillonite are shown as an example in Fig. 4
together with those of TGA-stabilized CdTe and

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 TG-DTA curves of (a and d) CdTe(36)-HDTMA-montmoril-
lonite, (b and ¢) TGA-stabilized CdTe, and (¢ and f) montmorillonite.

montmorillonite. In the DTA curve of HDTMA (ESI, Fig. S4
and S57), the endothermic (at 109 °C) and the exothermic peaks
(at 205, 312 and 467 °C), which accompanied a mass loss
observed between room temperature and 500 °C in the corre-
sponding TG curve, were interpreted to be due to the melting and
oxidative decomposition of the alkyl chain of HDTMA bromide,
respectively. For the TG-DTA curves, the first mass loss step of
TGA-stabilized CdTe (Fig. 4b) revealed below 220 °C was due to
the removal of physically adsorbed water.’®> The weight gain
observed from 220 to 270 °C corresponding to the exothermic
peaks at 252 °C in the DTA curve (Fig. 4e) was interpreted to be
due to the oxidation of the CdTe. The mass loss between 270 and
700 °C, which accompanied the exothermic peaks at 298, 372 and
634 °C, was ascribed to the decomposition of thioglycolic acid*®
and the oxidation of the charcoal.?? In the final step, the weight
gain at about 720-750 °C indicated the oxidation of the oxidized
specie of CdTe.*® In the TG-DTA curves of the hybrids, three
steps of mass losses were observed. The first mass loss steps
observed at room temperature to 180 °C for CdTe(12)-
HDTMA-montmorillonite (ESI, Fig. S41), CdTe(36)-HDTMA-
montmorillonite (Fig. 4a) and CdTe(60)-HDTMA-montmoril-
lonite (ESI, Fig. S5%), corresponding to the endothermic reac-
tions at 32, 35 and 32 °C were attributed to the dehydration. No
endothermic (at 109 °C) and exothermic peaks (at 205, 312 and
467 °C) due to melting and vaporization of the alkyl chain of
HDTMA ion were detected, suggesting the thermal stability of
the alkyl chain that is protected by the silicate layers. The second
mass loss steps occurred between 180 and 420 °C for CdTe(12)-
HDTMA-montmorillonite, 180 and 437 °C for CdTe(36)-
HDTMA-montmorillonite, as well as 180 and 450 °C for
CdTe(60)-HDTMA-montmorillonite and were interpreted to be
due to the decomposition of HDTMA and/or thioglycolic acid.
The last mass loss steps observed above 420, 437 and 450 °C for
CdTe(12)-, CdTe(36)- and CdTe(60)-HDTMA-montmorillon-
ites were due to the thermal decomposition of the intercalated
CdTe and the hydroxylation of structural OH groups of

Fig.5 Diffuse reflectance absorption spectra of (a) montmorillonite, (b)
CdTe(12)-HDTMA-montmorillonite, (¢) CdTe(36)-HDTMA-montmo-
rillonite, (d) CdTe(60)-HDTMA-montmorillonite and (e) TGA-stabi-
lized CdTe.

montmorillonite. It was noted that the degradation of the hybrids
in each step was quite different from that of TGA-stabilized CdTe.
Moreover, no weight gain was seen in the TG curves of the hybrids,
as well as the evaporation of TGA-stabilized CdTe occurred at
lower temperature compared to the intercalated ones, supporting a
higher stability of the intercalated CdTe nanoparticles to evapo-
ration and sublimation. The increase of the thermodynamical
stability of the hybrids proved that the evaporation of the CdTe
nanoparticles could be prevented by the microenvironment of
montmorillonite.

The absorption spectra of the hybrids are shown in Fig. 5
together with those of montmorillonite and TGA-stabilized
CdTe. The broad absorption band of TGA-stabilized CdTe was
fitted by Gaussian function. Two absorption peaks due to CdTe
were seen at 368 and 554 nm (Table 1 and ESI, Fig. S6t). The

Table 1 UV-visible and photoluminescence data of montmorillonite
and the hybrids

Absorption

—— Emission

Band Onset  wavelength FWHM
Hybrid (nm) (nm) (nm) (nm)
CdTe(12)-HDTMA- 361 405, 499, 514, 536, 79
montmorillonite 576 555, 575
CdTe(36)-HDTMA- 336 386, 551 50
montmorillonite 569
CdTe(60)-HDTMA- 361 405, 502, 517, 538, 68
montmorillonite 576 553
TGA-stabilized CdTe 368 644 591 43

5544
Montmorillonite 250 — — —

“ The fitted Gaussian curve of the absorption spectrum.
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diffuse absorption spectra of the hybrids showed the two
absorption bands at around 336-361 nm and 500 nm, as well as
two absorption onsets at around 386405 nm and 569-576 nm
(Table 1). The absorption peak of mercaptopropionic acid-
stabilized CdTe nanoparticles exhibited at 611 nm,?® while that of
CdTe/ZnO@SiO, nanocomposites exhibited at 550 nm.** The
absorption bands of all hybrids occurring in the present system
were ascribed to the presence of the CdTe nanoparticles in the
hybrids. It is well known that a smaller-sized CdTe nanoparticle
shows a blue-shift of the absorption onset compared with a larger
one. All of the absorption onsets of the hybrids (Table 1 and ESI,
Fig. S61) appeared at the shorter wavelength regions than that of
TGA-stabilized CdTe, showing the existence of smaller size
CdTe particles in the interlayer spaces. The blue-shifts of
the onsets reflected that the silicate layers prevented the aggre-
gation and assisted the distribution of the intercalated CdTe
nanoparticles. The onset values of CdTe(36)-HDTMA-mont-
morillonite were less than those of CdTe(12)- and CdTe(60)—
HDTMA-montmorillonites indicating that the average size of
the intercalated CdTe nanoparticles contained in the hybrid was
the smallest. The two absorption onsets observed in each UV-
visible spectrum of the hybrids were thought to be related to the
presence of two different types of the CdTe particles. We
assumed that the smaller-sized CdTe particles were internally
incorporated in the interlayer spaces and the bigger-sized CdTe
particles were externally adsorbed on the clay surfaces, which
was consistent with the TEM image of CdTe(36)-HDTMA-
montmorillonite (Fig. 3b). In the absorption spectrum of
CdTe(12)-HDTMA-montmorillonite (Fig. 5b), the prominent
band centered at around 361 nm, which was first reported in this
work, was thought to originate from the main specie that should
be the intercalated CdTe nanoparticles. As a result of the
absorbed CdTe in the hybrids, a small tail at around 500 nm,
which is a typically optical feature of CdTe, arose. As the loading
amount of the CdTe increases from 12 to 36 meq. per 100 g of
montmorillonite, the intensity of the visible absorption band at
around 336 nm was slightly decreased due to the decrease of the
size of the intercalated CdTe, and that at around 500 nm
enhanced, which meant that the amount of the adsorbed CdTe
increased. This observation was consistent with the XRD result
mentioned above. For CdTe(60)-HDTMA-montmorillonite, the
absorption intensity at around 361 nm increased with increasing
the loading amount of the CdTe and that at around 500 nm
remained constant, interpreted to be due to the increase of the
intercalated CdTe specie, that may lead to the narrow distance
between the CdTe particles, which would subsequently result in
the growth of particles. This interesting phenomenon was
consistent with the decrease of the PL intensity mentioned below.
The observations clearly indicated that the two different particle
sizes of the CdTe particles present in the hybrids, and the particle
size of the intercalated CdTe could be tuned by loading different
amounts of the CdTe in the interlayer spaces.

The photoluminescence (PL) spectra of the three hybrids
revealed the emission peaks at 499-575 nm (Fig. 6a-c). In
contrast, the photoluminescence spectrum of TGA-stabilized
CdTe showed a weak and broad emission peak at 591 nm
(Fig. 6d) that was near the edge of its diffuse reflectance
absorption spectrum (555 nm), indicating a characteristic of
near-band edge emission. The PL spectra of CdTe in the glass

Fig. 6 Photoluminescence spectra of (a) CdTe(12)-HDTMA-montmo-
rillonite, (b) CdTe(36)-HDTMA-montmorillonite, (¢) CdTe(60)-
HDTMA-montmorillonite and (d) TGA-stabilized CdTe.

matrix exhibited the emission peaks at 543—-650 nm? and those of
CdTe-PAMAM (poly(aminoamine)) showed an emission peak
at 550 nm."” The maximum emission peak of thioglycolic acid-
stabilized CdTe nanoparticles was observed at ca. 559 nm.?® The
emission spectrum at 77 K of CdTe-zeolite showed the broad
peaks centered at 563 and 750 nm that arose from defects.'® The
observed emission peaks of all hybrids occurred at 499-575 nm
were ascribed to the presence of the CdTe nanoparticles in
HDTMA-montmorillonite. Based on this result, the position of
the visible emission band was blue-shifted by introducing the
CdTe nanoparticles in the matrix, attributed to the deag-
gregation and/or the uniform dispersion of particles. Besides the
possibility to tune the wavelength of visible emission, it is also
able to tailor the luminescent intensity of the hybrids. As shown
in Fig. 6, the emission peak of CdTe(36)-HDTMA-montmoril-
lonite was of good symmetry with a full width at half-maximum
(FWHM) of 50 nm, which was narrower than those values of
CdTe(12)- and CdTe(60)-HDTMA-montmorillonites (Table 1).
It is well known that a narrow FWHM of emission band reflects
a narrow size-distribution, which leads to the high luminescent
intensity.?® With the difference in loading amount of the CdTe
that would affect the PL intensity, the emission band of
CdTe(36)-HDTMA-montmorillonite served as the prominent
photoluminescence of all hybrids. The luminescent intensity was
lowered by 10-12 times when the loading amount of the CdTe in
the hybrids was higher and lower than 36 meq. per 100 g of
montmorillonite. The photoluminescence quantum yield of
CdTe(36)-HDTMA-montmorillonite was 3.1% while those
of CdTe(12)- and CdTe(60)-HDTMA-montmorillonites were
0.1%. The above observations showed that CdTe(36)-HDTMA-
montmorillonite is a greatly luminescent material with intensely
visible emission. As obviously seen in the fluorescence micro-
graphs, TGA-stabilized CdTe exhibited red fluorescence
(Fig. 7d), while those of the hybrids showed the green

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Fluorescence photographs of (a) CdTe(12)-HDTMA-montmo-
rillonite, (b) CdTe(36)-HDTMA-montmorillonite, (c¢) CdTe(60)-
HDTMA-montmorillonite and (d) TGA-stabilized CdTe.

fluorescence (Fig. 7a—c), which was consistent with the position
of their PL bands. In addition, among all of the hybrids,
CdTe(36)-HDTMA-montmorillonite showed the highest emis-
sion peak and brightest green fluorescence, supporting the
uniform and narrow size-distribution of the intercalated CdTe
nanoparticles. Interestingly, the emission spectrum of CdTe(12)—
HDTMA-montmorillonite and that of CdTe(60)-HDTMA-
montmorillonite showed numerous emission bands (Fig. 6,
inset). We believed that the appearance of the separated emission
bands was related to the presence of the heterogeneous particle
sizes of the intercalated CdTe nanoparticles. This result was
consistent with the larger values of FWHM (Table 1). The low
emission intensity of CdTe(12)- and CdTe(60)-HDTMA-
montmorillonites due to the wide size-distribution of the inter-
calated CdTe suggested the combination of some adjacent CdTe
nanoparticles that existed in the interlayer spaces, and that of
TGA-stabilized CdTe was caused by the particle aggregation.
The unique optical properties of the hybrids were thought to be
closely related to the nature of the CdTe surface. The interaction
between TGA-stabilized CdTe and microenvironment of mont-
morillonite led to the modification of the CdTe surface that
resulted in the enhancement of PL intensity and the blue-shifts of
the absorption onsets and emission bands. The excellent effi-
ciency of the photoluminescence may provide the potential
application in many fields including photocatalyst, biotech-
nology and so on.

Conclusions

The cadmium telluride nanoparticles prepared with the assis-
tance of thioglycolic acid were intercalated into hexadecyl-
trimethylammonium-montmorillonites by a simple and low cost
solid-liquid reaction. The incorporation of cadmium telluride in
the interlayer spaces was confirmed by the appearance of
absorption and emission peaks. The role of tailoring the amount
of cadmium telluride in/on the clay surfaces was presented by
changing the loading amount of cadmium telluride. The experi-
mental results showed that the photoluminescence intensity was

quenched severely when the intercalated cadmium telluride
increased, whereas the luminescent intensity was enhanced as the
intercalated cadmium telluride decreased. The main reason for
the enhancement of the photoluminescence was ascribed to the
well separated intercalated cadmium telluride nanoparticles in
the hybrids. On the basis of our results, it was conceivable that
the microenvironment of montmorillonite was another stabi-
lizing material for cadmium telluride nanoparticles to prevent the
aggregation, control the size and size distribution, as well as to
improve the thermal stability.
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hybridization of cadmium
cetyltrimethylammonium-montmorillonite, was investigated by a simply colloidal process. The
hybrid was characterized by powder X-ray diffraction, thermal analysis, transmission electron
microscopy, as well as Raman, UV-visible and photoluminescence spectroscopies. The blue-shift of the
absorption onset and the appearance of the luminescence band at the wavelength of 565 nm for cad-
mium selenide-cetyltrimethylammonium-montmorillonite were thought to be caused by the restricted
microenvironment of cetyltrimethylammonium-montmorillonite that affected the particle size and
growth of the cadmium selenide nanoparticles. Transmission electron micrograph showed that the
cadmium selenide nanoparticles with the diameters of 7.00-10.10 nm were intercalated in the interlayer
space. The enhancement of the emission intensity of the stored hybrid indicated that solid surface of cad-
mium selenide in the adsorbed state could be tailored by cetyltrimethylammonium-montmorillonite.

selenide and organically modified clay mineral,

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The study of semiconductor nanoparticles is one of the inten-
sive topics in nanochemistry and nanotechnology over the past
several years. The nanoparticles have sized-tunable emissions due
to quantum size effect and may lead to novel optical and elec-
trical properties. Hybridization of semiconductors with ordered
structures is a promising way to investigate novel functional
materials though the controlled fabrication of one-, two- and
three-dimensional nanostructures [1]. The utilization of two- and

* Corresponding author. Tel.: +66 899405490; fax: +66 43202373.
E-mail address: nithima@kku.ac.th (N. Khaorapapong).

0927-7757/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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three-dimensional inorganic materials such as layered inorganic
materials, mesoporous silica, SBA-15 and MCM-41, for surface
modification of semiconductors including metal chalcogenides and
metal oxides has been investigated [2-7].

Among possible layered inorganic solids, smectite, a group of
layered clay minerals including montmorillonite, provides attrac-
tive features such as large surface area, swelling behaviour,
adsorptive and ion-exchange properties for organizing organic
and/or inorganic guest species. The organic modification of
smectites leads to a novel functional material by further accom-
modation of functional units including semiconductors into the
organically modified smectites [8,9]. A large variety of layered
inorganic-semiconductor hybrids is available depending on the
host-guest and guest-guest interactions [2,3,10-12]. One of our
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research interests has been focused on hybrids of metal clusters
and semiconductors [13-28]. The confinement of semiconduc-
tor nanoparticles in the interlayer spaces of montmorillonite has
been reported by colloidal method and solid-solid reaction. The
optical properties of the hybrids were found to be dependent on
the microenvironment, the interlayer space of montmorillonite
[6,22-28].

Cadmium selenide (CdSe), one of the II-VI group semiconduc-
tors, has attracted increasing attention due to their promising
applications in optical and optoelectric devices, as well as biological
imaging [29,30]. For the realization, the modification of the optical
properties of cadmium selenide arose from their size, morphology,
matrix, dispersion, and most importantly, the surface modification
by the interactions with surrounding media [29-31]. Accordingly,
the organization of cadmium selenide semiconductor on layered
inorganic materials is worth studying to tailor the size, the shape,
and the surface chemistry of the nanoparticle via the host-guest
and guest-guest interactions.

This work presents a relatively simple and low cost process
to prepare cadmium selenide nanoparticle in a two dimension-
ally restricted environment, the interlayer space of organically
modified montmorillonite. There are a number of methods
for the preparation of cadmium selenide nanoparticle, such as
solvothermal, ultrasonic irradiation and organometallic precur-
sor methods in order to control size, shape and surface of
semiconductor nanoparticles [2,3,32-34]. However, the former
processes required the complicated equipments or expensive
organometallic precursors. It was also reported that the opti-
cal properties of entrapped cadmium selenide in synthetic clays,
layered double hydroxide (LDH) and Laponite, were different
from the bulk materials [2,3]. Our hybrid materials used a
natural clay mineral, montmorillonite, which has district microen-
vironment, for immobilizing cadmium selenide nanoparticles
by changing methodology. The increase of luminescent inten-
sity of organically stabilized cadmium selenide immobilized on
hydrophilic surface of montmorillonite was reported in our pre-
liminary communication [28]. To obtain more insight into the
sized-tunable phenomena of cadmium selenide, in this study,
we extended our work to incorporation of neutral cadmium
selenide nanoparticles, which was obtained by simple solid-liquid
reaction using cadmium(Il) ion and disodium selenosulfite as
cadmium selenide precursors, in organophillic montmorillonite,
cetyltrimethylammonium-montmorillonite. We also studied the
effect of the organophillic montmorillonite on the optical behavior
of cadmium selenide in the adsorbed states up to 29 weeks because
the pristine cadmium selenide is unstable to aggregate upon expo-
sure to air, in LDH and Laponite systems [2,3], no such behavior
was observed. Additionally, during the encapsulation of cadmium
selenide, the effect of cetyltrimethylammonium-montmorillonite
on the particle size, size distribution and surface of cadmium
selenide nanoparticles was comparatively examined between dif-
ferent reactions. The hybrid, cadmium selenide-cetyltrimethyl-
ammonium-montmorillonite, is expected to have a greatly poten-
tial application as a new generation of photoluminescent materials.

2. Experimental
2.1. Materials

Sodium-montmorillonite (Kunipia F, Kunimine Industries, the
reference clay sample of the Clay Science Society of Japan) was
used as a host material. The cation exchange capacity (CEC) is
119meq/100 g of clay. Cetyltrimethylammonium bromide (CTAB)
and selenium (Se) powder were purchased from Sigma-Aldrich.
Cadmium(Il) sulfate octahydrate (CdSO4-8H;0) was obtained by

Carlo Erba Reagenti. Disodium sulfite (Na;SO3) was supplied by
APS Finechem. All chemicals are analytical grade and were used
without further purification.

2.2. Preparation of CdSe—CTA-montmorillonite hybrid

Cetyltrimethylammonium-montmorillonite was prepared by a
conventional ion exchange reaction between an aqueous solution
of cetyltrimethylammonium (CTA) bromide and an aqueous sus-
pension of montmorillonite. The amount of the added CTA cations
was equal to the CEC of Na-montmorillonite. The mixture was
allowed to react by magnetic stirring at 70°C for one day. Then,
the dispersion of CTA-montmorillonite was added with an aque-
ous solution of cadmium(Il) sulfate (molar ratio of Cd%*:CTA was
1:1) and that of disodium selenosulfite (Na,SeSOs3) synthesized by
refluxing an aqueous solution of disodium sulfite and selenium
power under stirring for one day. The reactants were stirred for 2 h
atroom temperature. The resulting solid was separated by centrifu-
gation and washed with deionized water. The product was dried in
a desiccator with silica gel at room temperature for 3 days.

2.3. Characterization

Powder X-ray diffraction data were collected on a Bruker D8
ADVANCE diffractometer using monochromatic CuKo radiation.
TG-DTA curves were obtained on a Perkin Elmer Pyris Diamond
TG-DTA instrument at a heating rate of 10°C min~! under a dried
air flow using a-alumina (a-Al,03) as the standard material. TEM
image was taken on a Hitachi H-7650 transmission electron micro-
scope with an accelerating voltage of 120 kV. Raman spectrum was
measured on a Jobin Yvon T64000 System Raman spectrometer
with a 30 mW argon ion laser operating at 514.50 nm for excitation.
Diffuse reflectance spectra of the solid samples were performed
on a Shimadzu UV-VIS-NIR-3101PC scanning spectrophotome-
ter using an integrated sphere. Photoluminescence spectra were
recorded on a Shimadzu RF-5301PC spectrofluorophotometer in
the wavelength range of 300-900 nm with the excitation at 450 nm.

3. Results and discussion
3.1. Adsorption of CdSe into CTA-montmorillonite

As a result of conventional solid-liquid reaction, the color
of CTA-montmorillonite changed from white to orange. The
change in the color of CTA-montmorillonite suggested the
presence of CdSe in the product. Hereafter the product was
denoted as CdSe-CTA-montmorillonite. The basal spacing of
CTA-montmorillonite was 2.06 nm (not shown). The gallery height
was obtained by subtracting the thickness of the silicate layer,
dehydrated montmorillonite, (ca. 0.96 nm) from the observed basal
spacing to be 1.10 nm. Considering the expansion of the interlayer
space of CTA-montmorillonite and the size of CTA cation, the CTA
cations arranged in kinked alkyl chain layer or monolayer paraffin
type in the interlayer space of montmorillonite [9]. The XRD pat-
tern of pure CdSe revealed the broad diffraction peaks due to cubic
CdSe (JCPDS 19191) at 20=25, 41, 48 degree (Fig. 2, inset). The XRD
pattern of the hybrid, CdSe-CTA-montmorillonite, did not show
the reflections due to CdSe crystal, suggesting that smaller sized
CdSe was intercalated in the interlayer space and/or the amount
of CdSe was too small to be detected by the XRD. The basal spac-
ing of CTA-montmorillonite (2.06 nm) was not increased further
after adding CdSe in the interlayer space of CTA-montmorillonite
(Fig. 1a), indicating that the intercalation of CdSe did not affect
the gallery height of CTA-montmorillonite. Since the XRD pat-
tern of the hybrid showed the basal spacing similar to that of
CTA-montmorillonite, the incorporation of CdSe nanoparticles in
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Fig. 1. XRD patterns of (a) CdSe-CTA-montmorillonite, (b)

CdSe-CTA-montmorillonite after storage for 4 weeks, (c¢) 13 weeks, (d) 20
weeks, (e) 28 weeks, (f) 29 weeks.

the interlayer space of CTA-montmorillonite was controlled by
the restricted microenvironment of CTA-montmorillonite. In addi-
tion, we assumed that the adsorption of neutral CdSe nanoparticles
in between the silicate layers was promoted by the interac-
tions with the hydrophobic surface of CTA-montmorillonite. When
the product was stored for longer periods (4-29 weeks), the
basal spacings of the stored CdSe-CTA-montmorillonite were not
significantly changed (ca. 2.06-2.09nm) (Fig. 1b-f) and there
was no reflection due to CdSe or the other compounds was
observed in the XRD patterns of the stored product, indicating
to the stability of CdSe-CTA-montmorillonite under the ambient
conditions.

In comparison, the intercalation of pre-synthesized CdSe
powder (deep red color) prepared by the previous method [35]
into CTA-montmorillonite was investigated by solid-solid
reaction. The mixture of CTA-montmorillonite and CdSe
(molar ratio of Cd?*:CTA was 1:1) was ground manually
with an agate mortar and a pestle at room temperature
for 10-15min. The product obtained by solid-solid reac-
tion was abbreviated as CdSe-CTA-montmorillonite(s). The
basal spacing of CdSe-CTA-montmorillonite(s) was 2.13nm
(Fig. 2a), indicating the expansion of the interlayer space of
1.17nm. No diffraction peak of CdSe was detected in the
X-ray diffraction pattern of CdSe-CTA-montmorillonite(s),
supporting that the pre-synthesized CdSe was adsorbed into
CTA-montmorillonite and/or the amount of the un-intercalated
CdSe was very little to show the reflection on the XRD pat-
tern. When CdSe-CTA-montmorillonite(s) was stored in a
desiccator with silica gel for 4 weeks, the basal spacing
was observed at dgp; =2.01nm without the reflections due
to CdSe crystal. The slight decrease of the basal spacing of
CdSe-CTA-montmorillonite(s) (4 weeks) was thought to be
caused by the removal of adsorbed water during storage in the
desiccator. The result indicated that the intercalated species
including CTA and/or CdSe still maintained in the interlayer
space or a small amount of CdSe existed at the outer surface of
CTA-montmorillonite. This could be confirmed further by the TEM
image.
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Fig. 2. XRD patterns  of  (a) CdSe-CTA-montmorillonite(s), (b)

CdSe-CTA-montmorillonite(s) after storage for 4 weeks, (inset) pure CdSe.

3.2. Formation of CdSe-CTA-montmorillonite hybrid

The TEM observation was performed to investigate the size
and size distribution of CdSe in CTA-montmorillonite. The CdSe
nanoparticles, which showed the darker contrast than the sil-
icate layer due to the effect of reflection, were observed in
the micrograph of the hybrid (Fig. 3). It was seen that the
round shape CdSe nanoparticles with the average size of ca.
7.00-10.10nm were homogeneously dispersed in the interlayer
space of CTA-montmorillonite. Taking the gallery height of the
hybrid (1.10nm) and the average size of the nanoparticles (ca.
7.00-10.10 nm) into account, it was thought that the intercalated
CdSe nanoparticles were flat in shape with the thickness of 1.10 nm
as well as the diameter of around 7.00-10.10nm, and have the
planar orientation parallel to the silicate layers. We have reported
that the CTA modified CdSe nanoparticles prepared in montmoril-
lonite by self assembly method [28] gave CdSe nanoparticles, which
have the average size a bit smaller than the immobilized CdSe pre-
pared in this work (the thickness of 0.99 nm and the diameter of
3.00-6.00 nm). It was thought that the growth of CdSe particles
obtained by the present solid-liquid reaction could occur before the
intercalation process, which was also supported by the TEM image
of CdSe-CTA-montmorillonite(s). On the contrary, the TEM image
of CdSe-CTA-montmorillonite(s) (4 weeks) (Fig. S1, Supporting
Information) showed the small amount of the intercalated CdSe
(10.00-30.00 nm, not shown) and the large amount of cubic-shaped
CdSe crystal with the average size of around 50.00-70.00 nm, which
was in agreement with the particle size of the pristine CdSe, indi-
cating that most of the pre-synthesized CdSe aggregated easily
before grinding with CTA-montmorillonite. Therefore, CdSe could
be interacted with the modified montmorillonite only on the exter-
nal surface. These results supported that the aggregation and/or
size distribution of CdSe were controlled by the restricted microen-
vironment of CTA-montmorillonite. Moreover, we have found that
the encapsulation time of CdSe into CTA-montmorillonite is also
very important for avoiding the growth of CdSe particles. The aver-
age size of CdSe nanoparticles in CTA-montmorillonite prepared
by solid-liquid reaction was almost ten times smaller than those
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Fig. 3. TEM image of CdSe-CTA-montmorillonite.

obtained by solid-solid reaction. It was thought that by solid-liquid
reaction, CdSe particles had short time to grow up because the for-
mation of CdSe and the intercalation were occurred in the same
reacting flask, while by solid-solid reaction, the pristine CdSe took
a few days to dry and aggregate before the encapsulation.

The Raman spectrum of CdSe-CTA-montmorillonite exhibited
the bands at 206 and 410 cm™! (Fig. 4). The two Raman bands were
due to the first-harmonic longitudinal optical phonon (1LO) and
the second-harmonic longitudinal optical phonon (2LO) of CdSe
particles [36]. It was reported that as a decrease of the size of
nanocrystals, more red-shift and more broadening of the peak
width were observed in the Raman spectra [37]. Compared with
the 1LO band of pure CdSe (210cm~1) as well as the 2LO band
of CdSe-CTA-montmorillonite(s) (414 cm~1) (not shown), the red-
shift and also significant broadening of the 1LO and 2LO bands
were observed for CdSe-CTA-montmorillonite (206 and 410 cm~1),
suggesting that the particle size of CdSe in CTA-montmorillonite
prepared by solid-liquid reaction was smaller than that of CdSe
obtained by solid-solid reaction and pure CdSe. The observed
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Fig. 4. Raman spectrum of CdSe-CTA-montmorillonite (solid line) and that of the
spectrum fitted by Gaussian (dashed line).

Raman bands of the hybrid were assigned to the immobilization
of CdSe particles in CTA-montmorillonite.

The TG curve of pure CdSe exhibited three evident mass losses
(Fig. S2, Supporting Information); namely, the removal of adsorbed
water occurred below 410 °C, the oxidation and formation of indi-
vidual metal oxides detected between 410 and 800°C and the
sublimation of the oxide compounds revealed from 800-1000°C
[38,39]. Three steps of mass losses were also seen in the TG
curve of CdSe-CTA-montmorillonite. The first mass loss observed
below 200°C corresponding to the endothermic peaks at 46 and
150°C in the DTA curve was interpreted to the removal of water
adsorbed at the clay surface of CdSe-CTA-montmorillonite. The
second mass loss occurred between 200 and 570 °C corresponding
to the exothermic peaks at 311 and 366 °C suggested the decom-
position of the intercalated organic matter in montmorillonite. The
last mass loss detected between 570 and 800 °C was interpreted to
the thermal decomposition of CdSe and dehydroxylation caused by
breaking of the hydroxyl group of montmorillonite. This result con-
firmed the presence of CdSe particles in the hybrid material. The
intercalated CdSe was destroyed at the temperature higher than
pure CdSe, suggesting that the decomposition of CdSe nanoparticles
was protected by the microenvironment of montmorillonite.

3.3. Optical properties of the hybrid

The  diffuse reflectance  absorption  spectrum  of
CdSe-CTA-montmorillonite is shown in Fig. 5 together with
those of pristine CdSe and montmorillonite. The absorption
spectrum of the as-prepared CdSe-CTA-montmorillonite (Fig. 5b)
showed an absorption onset at 593 nm, as well as two shoul-
ders at around 365 and 532 nm, and that of pure CdSe (Fig. 5c)
revealed an onset at 632 nm. While no absorption peak in visible
region was observed for montmorillonite (Fig. 5a). The shoulders
showed the blue- or red-shift compared with the absorption
bands of CdSe-LDH composites with various compositions
(531-562nm) [2], Laponite/CdSe-aniline film due to aniline
tetramer (560nm) and CdSe-aniline (440 and 350nm) [3], as
well as those of CdSe/SBA-15 composites obtained at different
reaction times (512, 530 and 542 nm) [40]. The spectral shifts
supported our successful immobilization of CdSe in the hybrid
and the host-guest interactions. It is well known that the smaller-
sized CdSe nanoparticles showed the blue-shift of the absorption
onset compared with the larger ones. The absorption onset of
CdSe-CTA-montmorillonite (593 nm) was blue-shifted compared
with that of pure CdSe (632 nm), suggesting that the particle size of
CdSe incorporated in the interlayer space of CTA-montmorillonite
was smaller than the size of pure CdSe. Since CdSe prepared in an
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Fig. 5. Diffuse reflectance absorption spectra of (a) Na-montmorillonite, (b)
CdSe-CTA-montmorillonite, (c) as-prepared CdSe, (d) CdSe-CTA-montmorillonite
after storage for 4 weeks, (e) 13 weeks, (f) 20 weeks, (g) 28 weeks, (h) 29 weeks.

aqueous medium trended to aggregate [41], an aggregation of
CdSe particles in the hybrid prepared by the present solid-liquid
reaction could be prevented by the restricted microenvironment
of CTA-montmorillonite. Thus the immobilization of CdSe in the
interlayer space of CTA-montmorillonite provided the smaller-
sized CdSe particles that could cause the change in the optical
behavior.

To confirm the effect of CTA-montmorillonite on the absorp-
tion onset, the products were allowed to stand in desiccator at
room temperature for longer periods (4-29 weeks), after the
storage, CdSe-CTA-montmorillonite exhibited a new absorption
onset at the higher wavelength (685 nm) as can be seen in Fig. 5.
The two absorption onsets observed in UV-visible spectrum of
CdSe-CTA-montmorillonite were thought to be related to two
species of CdSe particles; namely, the specie of smaller-sized CdSe
particles revealed the absorption onset in the shorter wavelength
and that of the bigger-sized CdSe in the longer region. The red-
shift of the new absorption onset of CdSe-CTA-montmorillonite
indicated that the size of CdSe gradually increased most likely
due to guest-guest interactions. The absorption onset of the as-
prepared CdSe (632 nm) was red-shifted to 680 nm after the storage
for 20-29 weeks, indicating that the aggregation of pure CdSe
particles took place faster than the CdSe nanoparticles in the
adsorbed state (Fig. S3, Supporting Information). The aggregation
of pre-synthesized CdSe semiconductor resulted in the deloca-
tion of energy states, and it could be prevented by the restricted
environment of montmorillonite. Therefore, it was believed that
montmorillonite played a major role in controlling the growth
and/or aggregation of CdSe particles.

In the photoluminescence spectrum of CdSe-CTA-montmo-
rillonite (Fig. 6), the luminescence band was observed at 565 nm.
On the other hand, no emission band was seen in the lumines-
cence spectra of pure CdSe and CdSe-CTA-montmorillonite(s) due
to the formation of bulk CdSe. The band due to the incorporated
CdSe observed at around 565 nm for CdSe-CTA-montmorillonite
was also displayed for other CdSe-organic/inorganic compos-
ites and comparatively blue- or red-shifted by changing the
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Fig. 6. Luminescence spectra of (a) CdSe-CTA-montmorillonite, (b)
CdSe-CTA-montmorillonite after storage for 4 weeks, (c¢) 13 weeks, (d) 20
weeks, (e) 28 weeks, (f) 29 weeks.

matrix and/or the preparation conditions [40,42-44]. We have
reported that the photoluminescence band of the CTA mod-
ified CdSe-montmorillonite hybrid obtained by self assembly
appeared at 507 and 550nm [28]. The emission band of
CdSe-CTA-montmorillonite prepared in this study (565nm)
was red-shifted compared to those observed in our previous
report, supporting the formation of a bit bigger-sized CdSe
in CTA-montmorillonite, which was consistent with the parti-
cle size estimated from the expansion of the interlayer space
and the TEM image mentioned above. The emission band was
not seen in the photoluminescence spectra of pure CdSe and
CdSe-CTA-montmorillonite(s), showing the emission quenching of
bulk CdSe [45]. This result supported that the aggregation of CdSe
particle could be prevented by the surrounding environment of
montmorillonite and the anti-aggregation itself caused the changes
in the optical properties of CdSe, which was consistent with the
UV-visible result mentioned above.

The Iuminescence intensity of CdSe-CTA-montmorillonite
observed at around 561-563 nm increased (four times) when
the hybrid was stored in the desiccator up to 20 weeks,
indicating that the growth of some CdSe particles in the
stored hybrid (as mentioned above) did not seem to quench
the photoluminescence intensity, and the intensity slightly
decreased after storage longer. We assumed that the increase
of the luminescence intensities supported the surface modifi-
cation of the adsorbed CdSe nanoparticles, which was caused
by the microenvironment of CTA-montmorillonite. Surprisingly,
CdSe-CTA-montmorillonite(s) stored for 4 weeks showed a very
weak emission peak centered at 583 nm and the photolumines-
cence intensity of the product gradually increased for two times
after 10 months (Fig. S4, Supporting Information), indicating that
the photoluminescence efficiency of CdSe was improved by the
confinement of CTA-montmorillonite. While no emission band
was observed for pure CdSe even after storage for 29 weeks or
longer periods. The appearance of the emission band (583 nm) and
the enhancement of the photoluminescence intensity observed for
CdSe-CTA-montmorillonite(s) were ascribed to be related to the
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errors in structure creation such as stoichiometric defect (Cd2*
and Se2~ vacancies) and dangling bond [46] due to the interaction
between CdSe and CTA-montmorillonite. Because montmorillonite
can act as both electron acceptor and donor, we supposed that the
emission efficiency may be affected by the charge transfer from
montmorillonite, which has dangling bonds on its crystal edges
[47], to Cd%* and/or Se?~ vacancies, otherwise, it resulted from
the transition of electrons from the immobilized free radicals or
dangling bonds of the adsorbed CdSe to montmorillonite.

The aggregation of cadmium selenide particles resulted in
quenching of photoluminescence intensity, and the quench-
ing was lost when cadmium selenide was immobilized in
CTA-montmorillonite. Thus, these present results proved that
CTA-montmorillonite is a greatly potential matrix for preventing
the aggregation and modifying the surface of the semiconductor
particles that can change the optical properties. Further studies are
being made in order to control the size, distribution and surface of
semiconductors by using other inorganic matrices for development
of photofunctional materials and photocatalysts.

4. Conclusions

Cadmium selenide—cetyltrimethylammonium-montmorillonite
hybrid was prepared via a simple adsorption of cadmium selenide
nanoparticles from colloidal solution. The hybrid in which the
adsorbed cadmium selenide nanoparticles were well-dispersed in
the interlayer space of cetyltrimethylammonium-montmorillonite
showed the blue-shift of the absorption onset and emission max-
imum. The increase in the luminescence intensity of the stored
products was ascribed to host-guest and guest-guest inter-
actions. The average size of the semiconductors incorporated
in cetyltrimethylammonium-montmorillonite by the colloidal
method was smaller than that obtained by solid-solid reaction.
It is feasible that the modified montmorillonite could tune the
size, distribution and surface of cadmium selenide by tailoring the
reaction processes.

In the study of cadmium selenide-mesoporous SBA15, the size
of cadmium selenide insides the matrix channels can be con-
trolled easily by varying the reaction times [40]. Venugopal et al.
have reported that the absorption maxima and band gap energy
of cadmium selenide can be tailored by altering the composi-
tion of the composites [2]. Kehlbeck and colleagues have shown
that the density of polymer (polyaniline) covered on the cadmium
selenide nanoparticles for Laponite/cadmium selenide-polyaniline
can optimize photoefficiencies [3]. To date, our group has reported
the effect of layered clay mineral, montmorillonite, on size, dis-
tribution and surface modification of cadmium selenide upon
different reaction procedures. The controllability of the proper-
ties and the variation of the optical behaviors of cadmium selenide
in the absorbed states owing to the effect of natural clay mineral
and preparation method may lead to development of attractive
nanohybrids using other layered inorganic matrices and/or semi-
conductors for such application of photocatalyst, optoelectrical
device, biological imaging and so on.
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