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Chapter8
c0008 Organoclay Hybrid Films With

Improved Functionality
Syed Arshad Hussain1 and Santanu Chakraborty2

1Tripura University, India; 2NIT Agartala, India

s0010 1. INTRODUCTION
p0010 Clay minerals are natural nanomaterials with layered architecture [1]. They

have attracted intense industrial and academic interest because of their
unique material properties, colloidal size, layered structure, large surface
area, cation exchange capacity (CEC), and nanoscale platelet-shaped dimen-
sions [2]. Research interest in organoclay nanocomposites prepared by
organiceinorganic (clay) minerals is gaining day by day and is being exten-
sively investigated in materials science [3,4]. It offers the flexibility of
designing new functionalized materials because they possess characteristic
behaviors such as an easily changing layer-by-layer (LbL) structure or pre-
cisely controllable film thickness, or a variety of physical properties that are
not present in each of the separate components. The hybrid nanostructured
materials have gained widespread interest because of their potential applica-
tions in a number of diverse technological fields. In hybrid nanostructured
organiceinorganic ultrathin films the organic materials impart flexibility
and versatility, whereas the inorganic clay particles provide mechanical
strength and stability and can have unique conducting, semiconducting, or
dielectric properties. The properties of intercalation and CEC make it easy
to prepare composite materials. Intercalation of organic compounds into
the interlamellar space of clay minerals has attracted wide scientific and
practical interest. Thus clay particles provide a host medium to assemble
and organize organic guest molecules. By studying and adjusting the hoste
guest interaction, materials can be designed with unique structures, novel
chemical and physical properties, and enhanced mechanical properties. If
the orientation of the incorporated molecules can be controlled, then the
hybrid clay composite materials would be applicable to devices for current
rectifying, nonlinear optics, one-way energy transfer, etc. [5e8]. To control
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the properties of organoclay hybrid films, the film formation mechanism
should be clearly understood.

p0015 Until today very few techniques have been applied for the fabrication of
clayedye hybrid films in a layered, specific orientation, and easily accessible
way. Such films can be prepared by using the LangmuireBlodgett (LB) tech-
nique, LbL self-assembled method, drop casting, spin coating, etc. Preparation
of hybrid films by spin coating and drop casting is very simple, but these pro-
cesses do not have the higher degree of control/order in the orientation. How-
ever, LbL self-assembly has several advantages for constructing ultrathin
layered hybrid films. It is fast, versatile, simple, and requires neither expensive
equipment nor ultrapurity. In this method the alternate layers are formed
because of electrostatic interaction, ensuring better stability of the film. The
organic molecules can be adsorbed in a restricted layered structure of clay
mineral particles; however, it is very difficult to control the order inside the
layer. The LB technique is best suited to achieve better organizational control
in the layered structure. It also offers the flexibility to choose various film-
forming parameters to optimize the better condition for the hybrid film forma-
tion according to the need of the application. With this technique it is also
possible to have precise control over the film thickness. Moreover, in the
case of clay-modified organoclay hybrid films it is also possible to overcome
one of the fundamental problems associated with conventional LB film with
respect to mechanical stability.

p0020 The main goal of this chapter is to elucidate in brief the novelties of organo-
clay hybrid films with respect to their applications in various fields of
modern-day research and also have an idea about the different organoclay
film preparation techniques.

s0015 2. ORGANOCLAY HYBRID FILM PREPARATION
TECHNIQUES

p0025 Over the last few decades extensive research work has been conducted
around the world to fabricate organiceinorganic hybrid ultrathin films,
because this film is much more stable than conventional LB film. These
hybrid films are of immense potential as they provide the platform to
combine distinct properties of organic and inorganic materials in a single
ultrathin film. Such films can be prepared by the LB [9e11] technique,
LbL self-assembled technique [12e14], spin coating [15,16], drop casting,
etc. [17e19]. Another novel technique was reported by Takagi et al. for
the fabrication of bulk-sized clayedye hybrid materials [20,21]. Here we
will discuss the LB, LbL, spin-coating, and drop-casting techniques and
the method described by Takagi et al.
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s0020 3. LANGMUIReBLODGETT TECHNIQUE
p0030 The LB technique plays an increasingly important role as a means of orga-

nizing molecular materials at the micro- to nanodimension. A highly orga-
nized assembly of molecules of a suitable material at the airewater interface
can be transferred onto a solid substrate to form LB films. Such films are
known for their high degree of organization of molecules onto solid sub-
strate. The precise control and uniformity of film thickness at the submicron
level allowed by the LB technique is essential for several technological ap-
plications. Ideally, amphiphilic molecules with a hydrophilic head group
and a hydrophobic tail are LB-compatible materials; however, nonamphi-
philic/water-soluble molecules can also form LB film with the help of suit-
able matrix materials.

p0035 The LB technique consists of two main steps: (1) the formation of a stable
Langmuir monolayer of a suitable material at the airewater interface and
(2) the transfer of this floating monolayer onto a solid substrate.

p0040 In the LB technique, the solution of LB-compatible materials is first pre-
pared with a volatile solvent, thereby spreading the solution onto the sub-
phase with the help of a microsyringe. Thereafter a sufficient amount of
time is allowed for the evaporation of the volatile solvent, leaving only a
thin layer of the dye molecules on the subphase. This monomolecular layer
of organic molecules spread onto the subphase is known as Langmuir films.
These Langmuir films can then be transferred onto solid substrate according
to the situation by controlling the LB parameters to form mono- and multi-
layer LB films. Highly organized LbL deposition of elementary clay min-
eral particles can be achieved with the LB technique. In the early days it
was achieved by preparing a suspension consisting of dispersed clay min-
erals in a volatile organic solvent (chloroform), thereby spreading this dilute
suspension over the water surface in an LB trough. After allowing sufficient
time for the chloroform to evaporate, the film of the hydrophobic clay min-
eral was compressed and transferred onto solid substrate [22,23]. A more
elegant method is to spread the ionic surfactants on the water surface of
dilute aqueous clay dispersion [9e11,24e26]. The hybrid LB films consist-
ing of clay minerals and surfactants are fabricated using a dilute (<0.1 g/L)
aqueous clay dispersion of smectites as subphase instead of water subphase.
The dilute clay dispersion is prepared by overnight stirring in a magnetic stir-
rer followed by 30 min of ultrasonication before use. This dilute dispersion
of the smectites in water ensures the exfoliation of the smectites into nega-
tively/positively charged individual nanosheets of almost 1 nm thick. Here,
the individual nanosheets become negatively charged for cationic clays and
positively charged for anionic clays. Thereafter a solution of amphiphilic
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ionic surfactant in a volatile organic solvent is spread at the airewater inter-
face of the LB trough (Fig. 8.1). After sufficient time the solvent evaporates
and a monolayer of molecules is formed. A rapid ion exchange reaction takes
place between the smectite particles and the ionic surfactants, leading to the
formation of a hybrid monolayer at the airewater interface, consisting of one
layer of amphiphilic surfactant and one layer of elementary smectite. This
hybrid monolayer can be compressed and surface pressureearea isotherms
are constructed. At a fixed surface pressure the hybrid clayeorganic mono-
layer is transferred to a substrate either by vertical deposition in upstroke or
by horizontal deposition. In the case of vertical deposition, hydrophilic sub-
strate is needed and the layer of clay particles is in immediate contact with
the substrate. However, with the horizontal deposition scheme hydrophobic

f0010 n FIGURE 8.1 Schematic representation of the fabrication procedure of a clayeorganic compound
hybrid LangmuireBlodgett (LB) film. Reprinted from Y. Suzuki, Y. Tenma, Y. Nishioka, J. kawamata,
Chem. Asian J. 7 (2012) 1170, with permission.
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substrate has to be employed and the layer of amphiphilic ions comes in con-
tact with the substrate immediately.

p0045 Surfactants for LB clay films include alkylammonium cations, organic dyes,
and metal ion complexes [27e30]. In the LB process of hybrid film forma-
tion with clay and different types of surfactants, surface pressure affects the
monolayer distribution (area per molecule) of amphiphiles and the relation
between them is measured with respect to pressureearea (p � A ) isotherm.
The compression rate determines the rate of the floating hybrid monolayer
transferred onto the substrate maintaining the surface pressure. In the orga-
noclay hybrid LB film formation process there is competition between the
organization of amphiphilic molecules (surfactants) and hybridization of
elementary clay mineral particles with the surfactants at the airewater inter-
face. The competition is substantially influenced by the clay concentration,
thereby affecting the constitution of the hybrid monolayer [26]. Once the LB
film is prepared, it can be characterized by different techniques to check its
possible functionality.

p0050 For alkylammonium cations/clay LB film formation, both water-soluble and
water-insoluble alkylammonium cations have been applied to fabricate
hybrid LB films [28,31,32]. In the case of water-insoluble alkylammonium
cations, hybrid layer formation is controlled by the competition between the
surfactant domain formation at the airewater interface and the adsorption
rate of clay particles [28,32]; However, for water-soluble cationic amphi-
philes, the hybrid film formation was governed by the competition between
the dissolution of the amphiphilic cations in the subphase and the adsorption
of the clay particles at the airewater interface. This shows the dependence of
hybrid film formation on the adsorption rate of the clay mineral particles;
when the adsorption rate is higher than the dissolution rate the hybrid film
is similar to the case of the water-insoluble alkylammonium cations/clay sys-
tem; on the other hand, with the adsorption rate equal to or lower than the
dissolution rate the alkylammonium cations dissolve into the subphase
before being adsorbed by the clay particles [31]. This shows the importance
of clay particles to stabilize the monolayers of water-soluble amphiphilic
molecules.

p0055 In the case of hybrid LB films consisting of cationic dyes and clays, cationic
amphiphilic dye molecules were spread onto the smectite clay dispersion to
form the hybrid film [26,33,34].

p0060 It was found that the type and concentration of clay particles were respon-
sible for the formation of hybrid films with different functionalities [26].
The clay concentration was specifically responsible for the orientation and
aggregation properties of the organic dyes in the hybrid LB film. One
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such example is described here for the case of octadecyl rhodamine B chlo-
ride (RhB18)/saponite hybrid LB film. For this dye/clay pair, UV-Vis ab-
sorption and fluorescence spectra of the RhB18/saponite hybrid LB film
revealed that the monomeric appearance of RhB18 molecules gradually dis-
appears and forms J-dimers in the hybrid film when the saponite concentra-
tion increased to 50 mg/dm3 [26,34]. Further increase in the saponite
concentration (250 mg/dm3) leads to clay aggregation and lowers the density
of RhB18 molecules in the film appearing as monomers [34].

p0065 Transition metal ion complex/clay hybrid LB films can be fabricated using
both amphiphilic and nonamphiphilic metal ion transition complex molecules.
Hybrid LB films of amphiphilic metal complexes can be easily formed by
spreading them on the clay dispersion interface, thereby forming the hybrid
monolayer and subsequent transfer onto solid substrate. A few examples
of such complexes are [Ru(phen)2(dC18bpy)]

2þ [35,36], [Ru(phen)2
(dC12bpy)]

2þ [25] (phen ¼ 1,10-phenanthroline, dC18bpy ¼ 4,40-dioctadecyl-
2,20-bipyridyl, dC12bpy ¼ 4,40-carboxyl-2,20-bipyridyldido decylester),
[Ru(acac)2(acacC12)] (acac ¼ 2,4-pentanedionato, acacC12 ¼ 5-dodecyl-2,4-
pentanedionato) [37], etc. Hybrid films of such clayemetal ion complexes
were used to modify indium tin oxide (ITO) electrodes [36,38]. However, non-
amphiphilic metal ion complexes can be introduced into the hybrid film with
the help of amphiphilic molecules. This method is based on the ion exchange
capacity of the hybrid monolayer (horizontal deposition) or clay platelets (ver-
tical deposition).

p0070 In the horizontal deposition method the basic components of the hybrid
films are clay platelets, cationic transition metal complexes, and cationic
amphiphiles. Such hybrid films were found to have improved functionality
such as enhanced second harmonic generation (SHG) intensity [39], novel
photocontrollable magnetic materials [40], photoswitching of magnetization
caused by reversible photoisomerization [40], anisotropic response with
respect to the direction of the applied magnetic field, etc. [41,42]. However,
in the vertical deposition method, initially a hybrid film was prepared using
amphiphilic molecules and clay particles. Thereafter amphiphilic molecules
were removed from the solid substrate using chloroform and then nonamphi-
philic metal complexes were immobilized on the clay surface by ion change.
This method was used to fabricate modified ITO electrodes for stereoselec-
tive molecular recognition in the electrochemical oxidation of chiral binaph-
thol [43,44]. However, with the help of hydrophilic silica substrates in the
vertical deposition method, nonamphiphilic metal ion cationic complexes
can be immobilized onto solid substrates without the help of amphiphilic
molecules [30,45]. Such films found their applications in the field of novel
nonlinear optical devices [45].
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s0025 4. LAYER-BY-LAYER SELF-ASSEMBLED TECHNIQUE
p0075 LbL self-assembly is an alternative technique to make mono- or multilayer

ultrathin film without any external intervention. The first LbL experiment
was performed using oppositely charged silica particles [47]. However, it
was Decher and his group at the Gutenberg University in Germany who
developed this method and fabricated optically transparent multilayer films
[48]. Very rapidly this concept was adapted for the alternate adsorption of
oppositely charged polymers. Such polymers are called polyelectrolytes.
The fabrication of multicomposite films by the LbL procedure means liter-
ally the nanoscopic assembly of hundreds of different materials in a single
device using an environmentally friendly, ultralow-cost technique. The ma-
terials can be small organic molecules or inorganic compounds, macromol-
ecules including biomacromolecules, such as proteins or DNA, or even
colloids, etc.

p0080 The basic concept behind the LbL process is simple. Electrolytic solution
baths are prepared using triple-distilled deionized Milli-Q water. Quartz
substrates are then first dipped into the cationic/anionic polyelectrolytic so-
lution for a certain time followed by rinsing in Milli-Q water baths to
remove excess ions. The slides are then dipped into an oppositely charged
sample solution followed by similar rinsing in a separate set of water baths.
This results in the fabrication of monolayer LbL film. The whole sequence
is repeated to reach the desired number of multilayer LbL films.

p0085 In the case of LbL-assembled organoclay hybrid films the substrate is first
immersed into a positively charged polycationic aqueous solution for a
certain time followed by rinsing to wash off the surplus ions. Now the sub-
strate is positively charged. This positively charged substrate will now be
kept in a bath of negatively charged clay dispersion. However, this clay
dispersion is prepared by mixing a suitable amount of clay in triple-
distilled deionized water, followed by overnight stirring in a magnetic stirrer
and 30 min ultrasonication prior to use. After allowing sufficient time for the
clay particles to become attached to the positively charged polycation by
electrostatic interaction, the substrate should be removed from the clay
dispersion bath followed by rinsing in water and drying. This forms a
clay-modified hybrid bilayered LbL film. The process is repeated for multi-
layer film fabrication. A schematic illustrating the principle is shown in
Fig. 8.2.

p0090 Another way to prepare hybrid organoclay LbL-assembled film is first to
prepare a dyeeclay mixed solution with a different percentage of dye
loading based on the CEC of the chosen clay particle. To prepare the orga-
noclay hybrid LbL film, clean substrate has to be dipped into the electrolytic
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polycation [poly(allylamine hydrochloride), PAH] solution for a sufficient
time (approximately 15e30 min) followed by rinsing in a water bath for
nearly 2 min. The slide thus prepared should now be dipped into the mixed
solution of dyeeclay dispersion. Sufficient time has to be given for deposi-
tion and drying of the slide. This will give a one monolayer LbL film. The
whole sequence of the process will be repeated to obtain the desired number
of layers of dyeeclay hybrid LbL films. In the LbL self-assembly process,
pH and concentration of the deposition solution, clay particle size, dye-
loading percentage, dip time, and substrates usually affect film formation
and morphology. For example, dependence of bilayer thickness on clay par-
ticle size and polymer concentration was reported for (PDDA/clay)n films,
where PDDA is a polycation, namely, poly(diallyldimethylammonium chlo-
ride) [50]. In that case the roughness of the film was found to increase incre-
mentally with the clay particle size and PDDA concentration. With respect to
film growth dependence in dip time, large diameter clay platelets (e.g.,
200 nm) have little sensitivity toward that dependence but small diameter
(e.g., 25 nm) platelets showed substantial dependence on film growth with
dip time [51]. With respect to pH dependence on the LbL film growth the
pH of the cationic clay suspension and polyelectrolyte solution showed
tremendous effect on the overall film growth. The idea behind this effect
is that for cationic clay suspensions, slightly basic conditions give negatively
charged edges that account for production of negatively charged elementary
clay sheets that repel each other, which in turn favors full dispersion of the
clay particles in the aqueous suspension. It helps to fabricate smooth films
[50]. However, one should be careful about the use of extremely high or
low pH values as it may result in some kind of chemical breakdown. More-
over, the pH of the polyelectrolyte solution has a substantial effect on the

f0015 n FIGURE 8.2 Scheme of organoclay hybrid layer-by-layer (LbL) film preparation. Reprinted from S.D. Miao, F. Bergaya, R.A. Schoonheydt, Philos. Mag. 90
(2010) 2529, with permission.
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morphology of the overall film growth because of change in the charge den-
sity of the polyelectrolyte in the solution [52e54]. With respect to the use of
substrate for film formation, one can use any of these, such as quartz plate,
silicon wafer [55,56], poly(ethylene terephthalate) (PET) [57], or polysty-
rene (PS) [51,53] to make the substrate useful for the particular case. For
example, while using cationic clay/polyelectrolyte to fabricate hybrid com-
posite films the substrate surfaces first need to be clean and negatively
charged before the first deposition. In that case, piranha solution ([H2SO4/
H2O2 (30%) 1:3 (v/v)]) is used to treat quartz and silicon wafer substrates
followed by rinsing in acetone and deionized water [51,53,55], while for
the use of PET and PS substrate they were first rinsed with deionized water
and methanol and then treated with corona [51,53,57]. Besides the substrates
mentioned previously, which are all planar substrates, there are a few reports
regarding the use of fibers as substrates, such as cotton fabric [52,54] and
alkali extracted fibers [58]. This kind of fiber-modified LbL film had the
advantage of higher thermal stability compared to the material without modi-
fication [52,54,58]. Most of the LbL films with clay and polymer possess
linear growth, but exponential LbL growth pattern was observed by Pod-
siado et al. with montomorillonite, poly(ethylenimine), and poly(acrylic
acid). Such type of exponential LbL growth pattern was usually considered
to occur only with purely polymeric or organic precursors [59]. Though LbL
assembly is a very simple immersionerinsingedrying cycle process, in
particular cases according to need, photoreaction using UV irradiation is
also needed to obtain cross-linked or special shaped films [55,56].

s0030 5. DROP CASTING AND SPIN COATING
p0095 Drop casting is applied to prepare films for infrared spectroscopy and spin

coating for the preparation of clay-modified electrodes. Both techniques
give rather well-defined thin films with thicknesses in the range of a few
tens of nanometers (spin coating) to a few tens of micrometers (drop cast-
ing). The drop-casting method is also known as the solvent evaporation
method. In this method, clay particle thin films are prepared from a mother
clay suspension, stirred for 24 h followed by 30 min of sonication before
use. Clay particle suspension is spread onto a precleaned solid substrate
drop-wise such that the suspension spreads almost uniformly over the whole
substrate surface. After a certain time the solvent evaporates and the thin film
of clay particles is prepared. However, the hybrid film can also be prepared
in another way by preparing the dyeeclay mixed complex solution first and
then following the previously mentioned method for the fabrication of drop-
casting film. Here, the hybrid film can be of polymereclay hybrid film or
dye/anionic clay hybrid film with functional molecules intercalated into
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the clay films. In the polymereclay film the addition of cationic clay min-
erals acts as fillers that improve the mechanical and thermal stability of
the polymereclay film. Moreover, the addition of clay content in the
polymereclay film influences the properties of the resultant film.

p0100 However, in the spin-coating technique two steps must be followed: first,
the spinning speed should be low for the clay suspension to spread though
the substrate, and second, a higher rotational speed should be applied to get
oriented clay particles in the substrate. The films should then be dried, pref-
erably in an air flow oven at ambient temperature. For the fabrication of the
hybrid clayedye film, the clay particle film can be immersed in a dye solu-
tion at room temperature. The loading of the dye at the clay-supported film
depends on dye concentration, solvent nature, immersion time, and the
thickness of the film. However, the hybrid polymereclay film can also be
fabricated by employing other different procedures by the spin-coating tech-
nique. Solution blending and spin coating is one such procedure. In this pro-
cedure, the polymer solution and clay dispersion are first blended by
ultrasonication or stirring to form a well-mixed solution to be used for
film formation by the spin-coating method. Here, the blending solution
might separate into two phases, the upper polymer-rich and lower clay-
rich phases, after being left for some time [60]. Moreover, some aggregates
of clay might not fully exfoliate, thereby forming nonuniform distribution of
clay and polymer in the hybrid film. Again with the low polymer concentra-
tion, clay outcrops are created on the polymer surface thereby forming two
different phases. Another process is LbL spin assembly, in which the poly-
mer solution and clay dispersion solution can be alternately spin coated onto
the film to form the desired hybrid film [61].

p0105 Centripetal force is the driving force for the spreading of the solution
through the substrate in the spin-coating process. A schematic of the
spin-coating technique is shown in Fig. 8.3.

f0020 n FIGURE 8.3 Schematic representation of the spin-coating process.
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s0035 6. BULK-SIZED CLAYeDYE HYBRID SELF-
STANDING FILM

p0110 The first clayedye composite of this kind was reported by Takagi et al.
[20,21]. This type of hybrid is known to have sufficient thickness (few mi-
crometers) and low light-scattering properties [20,21]. In this method, first
the clayedye composites are prepared by mixing the solution of an organic
dye with the aqueous solution of an exfoliated clay mineral. The exfoliation
of the clay minerals ensures the homogeneous adsorption of dyes on the clay
layers. This homogeneity results in the formation of LbL stacking of com-
posites in the following film fabrication process. The organoclay hybrid
composite films can be fabricated by the filtration of the aqueous dispersion
of the clayedye composite under suction through a membrane filter for
several hours. The film deposited on the membrane filter can be peeled off
from the filter as a self-standing film and can be placed on a fused silica sub-
strate for scientific measurements. The simple protocol for the fabrication of
such films is shown in Fig. 8.4.

p0115 Although the film fabricated by this protocol was transparent it was unsuit-
able for nonlinear optical (NLO) applications because of incoherent light
scattering, which is observed in transparent but not light-scattering media
such as colloids. This problem was solved by Kawamata et al. by opti-
mizing the fabricating conditions [62]. Typically, the size of individual com-
posites and the gap between them should be lower than the wavelength of
light used because it suppresses the incoherent light scattering. The key fac-
tors for obtaining such a film include the size of the exfoliated clay particles
and optimization of the aggregate size because the exfoliated clay mineral
particles tend to aggregate when they adsorb dye molecules in dispersion
[63]. Moreover, the addition of organic solvent in an exfoliated clay disper-
sion solution promotes the aggregation of clay mineral particles [64].

f0025 n FIGURE 8.4 Schematic representation of the fabrication procedure of a low light-scattering claye
organic compound hybrid film. Reprinted from Suzuki, Y. Tenma, Y. Nishioka, J. kawamata, Chem. Asian
J. 7 (2012) 1170, with permission.
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Therefore optimization of the aggregate size is very important in this kind of
clayedye hybrid for efficient NLO response. Kawamata et al. showed that
when the size of the aggregates is in the range of almost 150 nm, a superior
low light-scattering film can be fabricated [62]. Films fabricated via this new
and unique method should open up ways for dyeeclay hybrids as optical
devices.

p0120 One of the most promising applications of this hybrid is a two-photon ab-
sorption (TPA) material, where the TPA cross-section (s(2)) of organic mol-
ecules is found to increase in composite film [65]. The reason for this
enhancement in the composite film was explained as follows: (1) an exten-
sion of the p-conjugated system caused by the enhanced planarity by the
intercalation of a dye into the two-dimensional interlayer space of a clay
mineral, (2) a reduced detuning energy caused by the red shift of the absorp-
tion band resulting from the enhanced planarity, (3) an enhanced molecular
orientation, and (4) an occasionally hydrophobic environment of the inter-
layer space of clay minerals. Therefore the earlier example shows that this
new protocol for the fabrication of these hybrids is an essential candidate
for efficient NLO material.

s0040 7. REACTION KINETICS AND ORGANIZATION OF
MOLECULES ONTO ORGANOCLAY HYBRID
FILMS

p0125 Clay minerals possess layered structures and can be exfoliated into single
clay layers in an aqueous dispersion. These exfoliated clay layers are called
clay nanosheets [1,2]. Because of the unique combination of properties such
as swelling, intercalation, and ion exchange property, it is possible to incor-
porate both polar and nonpolar molecules onto clay surfaces or in between
the interlamellar spaces of clay layers. Therefore clay minerals can be
considered as the ideal host material to prepare organiceinorganic compos-
ite materials with various functionalities such as SHG, photoinduced magne-
tization, electron transfer, energy transfer, pyroelectricity, chiral sensing, etc.
[66e69]. The well-defined layer ordering at a nanometer level and the two-
dimensional molecular alignment in the layer play important roles in these
applications. Accordingly, much attention has been focused on the interac-
tion and organization of clay minerals and organic compounds resulting in
the formation of the so-called “organoclay hybrid.”

p0130 Two types of interactions are important in these hybrid structures:
moleculeesurface and moleculeemolecule. (1) Adsorption from dilute
aqueous solution leads to a strong concentration of the molecules at the sur-
faces of the elementary clay mineral layers. If this local concentration
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exceeds the equivalent solution concentration, then dimers and aggregates
are formed. Thus H- and J-aggregates are easily observed, especially in
the case of cationic dyes even at a loading of <1% of the CEC. (2)
Surfaceemolecule interactions compete with the previously mentioned
moleculeemolecule interactions. They induce spreading of the (cationic)
molecules over the surface and therefore oppose aggregation. If surfacee
molecule interactions predominate, monomers are preferentially observed.
This is the case at low water content in clay mineralecationic dye systems.
Moleculeemolecule interactions are predominant at high water content and
molecular aggregates are easily formed. The extent to which these general
rules are valid depends on the type of molecule and the type of clay mineral
[70,71].

p0135 There are very few reports that elucidate the precise mechanism of hybrid-
ization processes and the film formation mechanism. Such knowledge is
essential for the reliable and reproducible preparation of the films. However,
still the hybridization process remains to be fully understood.

p0140 Shimada et al. studied the adsorption process of the clay nanosheets onto a
floating film of an amphiphilic cation, dimethyldioctadecylammonium
cation (DMDOAþ) (Fig. 8.5) [72]. They measured the change of surface po-
tential of the floating film as a function of time and investigated the adsorp-
tion process quantitatively. Adsorption rate as well as adsorption equilibrium
are also reported. It was found that the adsorption equilibrium obeyed the
Langmuir adsorption isotherm. The rate constants of adsorption and

½AU4�

f0030 n FIGURE 8.5 (A) Typical results of surface potential change against waiting time for floating molecular films of dimethyldioctadecylammonium cation
(DMDOAþ) on water (0 ppm) and on a clay dispersion (20 ppm). (B) Experimental data of surface potential difference (5, 10, and 20 ppm, black lines) and the
results of the simulation according to the proposed model [red lines (gray lines in print versions)]. Reprinted from T. Shimada, H. Yamada, Y. Umemura J. Phys.
Chem. B. 116 (2012) 4484, with permission.
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desorption processes were determined by the fitting analyses based on the
Langmuir-type kinetics. Adsorption rate constant varied from 0.091 to
0.105 g/m3 mV/s for clay concentration ranging from 2 to 50 g/m3. Howev-
er, the desorption rate constant varied from 0.26 to 0.30 mV/s for a similar
variation of clay concentration. At low clay concentration, delay in the early
stage of the adsorption process was observed. This delay was explained by
the following two factors: (1) the removal of the clay nanosheets from the
surface region through the repulsion from the counteranion (Br�) of the
amphiphilic cation (DMDOAþ) and (2) the low diffusion coefficients of
the nanosheets. Ikegami et al. also studied the adsorption of a polyanionic
nanosheet of Ca2Nb3O10 from its dispersion onto the airewater interface
with and without a floating film of an amphiphilic alkylammonium cation
by measuring the surface pressure change. The results were quantitatively
analyzed by using Langmuir’s adsorption theory [73]. It has been observed
that the presence of floating charged amphiphiles enhances the ratio of the
adsorption and desorption rate constants by approximately 30 times. Our
research group investigated the adsorption kinetics of saponite and hectorite
onto a floating monolayer of octadecyl rhodamine B (a cationic amphiphile)
by means of in-situ infrared reflectioneadsorption spectroscopy and atomic
force microscopy [74]. It has been observed that the adsorption progressed
with the increase in the waiting time and strongly depends on type, size,
and concentration of both clay and floating amphiphiles. The time taken
to complete reaction kinetics for amphiphileesaponite hybrid films was
15 min, whereas for the amphiphileehectorite hybrid film it was 25 min.

p0145 Thorough knowledge of the organization of molecules onto thin films is
crucial to probe their application. It is possible to have certain desired prop-
erties by manipulating the organization of molecules onto thin films, which
are absent in randomly oriented molecular system. Spin coating [75,76],
self-assembling or LbL assembly [14,77], and the LB technique [9,10]
have been used to realize the mono- and multilayer structure of organoclay
hybrid films. If the elementary clay mineral layers are organized in one
plane, in principle there may exist two levels of organization in these hybrid
monolayers: the organization of the clay particles in a monolayer and the or-
ganization of organic molecules adsorbed on the clay surface. Organic mol-
ecules may also enter in between the clay layers. Spectroscopy plays a vital
role in revealing the organization of the dye molecules at the clayemineral
surfaces. Monomers and different types of aggregates are found, depending
on (1) the charge density of the clay mineral; (2) the particle-size distribution
of the clay minerals; (3) the nature of the exchangeable cations; (4) the de-
gree of swelling in water; and (5) the nature of the dye, i.e., its specific chem-
ical structure and orientation at the clayemineral surfaces.
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s0045 8. FLUORESCENCE RESONANCE ENERGY
TRANSFER IN THE ORGANOCLAY HYBRID
SYSTEM

p0150 Fluorescence resonance energy transfer (FRET) is a physical dipoleedipole
coupling between the excited state of a donor fluorophore and an acceptor
chromophore that causes relaxation of the donor to a nonfluorescent ground
state, which excites fluorescence in the acceptor (Fig. 8.6). In the process of
FRET, initially a donor fluorophore (D) absorbs the energy because of the
excitation of incident radiation and transfers the excitation energy to a
nearby chromophore, the acceptor (A). The process can be expressed as
follows:

Dþ hy/D�

D� þ A/Dþ A�

A�/Aþ hy

where h is the Planck’s constant and y is the frequency of the incident
radiation.

p0155 FRET is a highly distance-dependent phenomenon; a typical 1e10 nm dis-
tance between donor and acceptor fluorophore is crucial for the process to
occur. There are few criteria that must be satisfied for FRET to occur. These
are: (1) the fluorescence spectrum of the donor molecule must overlap with
the absorption or excitation spectrum of the acceptor chromophore. The de-
gree of overlap is referred to as spectral overlap integral. (2) The two

f0035 n FIGURE 8.6 Jablonski diagram illustrating the fluorescence resonance energy transfer (FRET) process.
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fluorophores (donor and acceptor) must be in close proximity to one another
(typically 1e10 nm). (3) The transition dipole orientations of the donor and
acceptor must be approximately parallel to each other. (4) The fluorescence
lifetime of the donor molecule must be of sufficient duration to allow the
FRET to occur. Experimentally, FRET is measured either as the decrease
in the lifetime or intensity of donor fluorescence after the addition of the
acceptor, or as the increase in acceptor fluorescence after the addition of
the donor. J. Förster put forward an elegant theory that provides a quantita-
tive explanation for the nonradiative energy transfer and quantitative anal-
ysis of the process. The FRET technique highlighting its application has
been extensively reviewed by several researchers.

p0160 Because of its sensitivity to distance, FRET has been used to investigate
molecular-level interaction. The fluorescence emission rate of energy trans-
fer has wide applications in sensors, biomedicine, protein folding, RNA/
DNA identification, and their energy transfer processes.

p0165 Clay mineral particles play an important role in concentrating the dye mol-
ecules onto their surfaces. Because of its ion exchange and intercalation
properties they may provide a platform for close interaction between energy
donor and acceptor making energy transfer possible, compared to inactive
systems based on homogeneous solutions of donor and acceptor. A litera-
ture survey revealed that there are very few reports of FRET occurring in
systems composed of organic dyes and clays [24,78]. Probably the first re-
ports of efficient FRET among dyes adsorbed onto clay mineral sheets are
clay mineral dispersions with cyanine (energy donor) and rhodamine (en-
ergy acceptor) dyes simultaneously adsorbed onto clay mineral surfaces [1].

p0170 We have demonstrated a series of organic dyeeclay systems suitable for
FRET [10,24,67e69,79,80]. It has been demonstrated that the presence of
clay enhances the energy transfer efficiency. Energy transfer efficiency be-
tween a thiacyanine and a rhodamine dye assembled onto LB films increases
from 64.2% to 97.7% in the presence of the clay laponite [24]. This increase
in efficiency was caused by an increase in spectral overlap integral to and in
close proximity of the two dyes in the presence of laponite. Based on FRET
between the two dyes acraflavine and rhodamine, an ion sensor has been
demonstrated [68,79]. The sensor is able to sense the presence of different
cations. In an aqueous environment it has been observed that incorporation
of the clay platelet laponite in the system enhances the sensing efficiency.
The presence of laponite particles also increases the sensing efficiency in
the case of a FRET-based hard water sensing system (Fig. 8.7) [69].
FRET between fluorescein and rhodamine 6G was also found to increase
in the presence of the clay particle laponite [80]. Based on this a pH sensor
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has been demonstrated. An organic dyeeclay-based FRET system using
three dyes has been demonstrated [67]. Multistep energy transfer occurred
from pyrene to rhodamine B via acriflavine. Here, acriflavine acts as an an-
tenna to receive energy from pyrene and transfer it to rhodamine B. The pres-
ence of clay enhances FRET efficiency [67]. This multistep FRET system is
advantageous compared to conventional FRET because: (1) the multistep
FRET system can be used to study interaction between molecules (acceptor
and donor) beyond 1e10 nm; (2) multistep FRET is very useful in studying
multibranched biomacromolecules; and (3) excitation wavelength range can
be extended in dye lasers using multistep FRET.

p0175 Energy transfer in hybrid LB films of iridium complexes and synthetic
saponite was studied by Sato et al. [81]. An attempt was made to study en-
ergy transfer in the vertical direction with respect to a clay layer. Energy
transfer was strongly dependent on the interlayer distance.

f0040 n FIGURE 8.7 Hard water sensor based on fluorescence resonance energy transfer (FRET) between
acriflavine and rhodamine B. FRET was measured in the presence of different concentrations of Caþ2

and Mgþ2 (hard water component) ions. Based on the limiting concentration of hard water components
(soft water ion concentration �0.05 mg/mL; moderately hard water ion concentration �0.06 mg/mL
and <0.12 mg/mL; and very hard water ion concentration �0.12 mg/mL) a hard water sensor is
proposed. If FRET efficiency is observed to be higher than 48.2%, then the water will be recognized as
soft water (ion concentration <0.06 mg/mL), whereas if the efficiency lies between 13.5% and 48.2%,
then the water will be recognized as moderately hard (0.06 mg/mL < ion concentration < 0.12 mg/
mL). On the other hand, if the observed FRET efficiency is less than 13.5%, then the water will be
recognized as very hard. Reprinted from D. Dey, D. Bhattacharjee, S. Chakraborty, S.A. Hussain, Sens.
Actuators B 184 (2013) 268, with permission.
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s0050 9. NONLINEAR OPTICAL ACTIVITY OF
ORGANOCLAY HYBRID FILMS

p0180 NLO materials play a vital role in controlling light. In such materials the
interaction of coherent light waves is used for controlling laser beams.
The most common application of the NLO effect is wavelength conversion
for obtaining a coherent light wave with desirable wavelength. One of the
most promising applications of NLO materials is in photonic logic devices,
crucial for optical computers and thought of as promising future computing
systems. Again wavelength conversion of NLO devices is indispensable to
the rapid processing of information [82]. Some of the effective NLO phe-
nomena are SHG, TPA, and two-photon fluorescence microscopy
(TPFM). However, materials exhibiting NLO activity must have large
NLO coefficients for their use in advanced applications. Several NLO
organic materials are known to be three orders of magnitude larger than
those of inorganic materials [82]. However, only inorganic crystals are
used for practical NLO devices because of the difficulty of fabricating an
organic material satisfying the properties of an optical material, such as a
flat surface, reasonable size, and low light-scattering characteristics. Further-
more, some NLO phenomena require specific symmetry in the media. There-
fore the orientation of the organic molecules in the materials must be
controlled to design efficient organic-based NLO materials. However, the
problem with organic-based NLO materials is their stability with respect
to aging and laser irradiation. In most of the cases it has been found that
alignment of the molecular assembly in the organic-based films changes
with the passage of time and also with laser irradiation. This can destroy
the NLO property of the organic material-based NLO devices. Again it
has also been seen that organic molecules possessing large hyperpolarizabil-
ities show a strong tendency toward formation of aggregates in the films and
aggregation decreases NLO response [83]. As a solution to this problem, the
impact of protonation, formation of composites with insoluble polymers and
fatty acids, etc. was studied but did not yield effective results. The problem
of aggregation was solved to some extent with the complexation of the
organic molecules with polyelectrolytes in the subphase by the LB method
[84]. However, this alone could not solve the problem of attaining stability
against aging and laser irradiation. This is because of the fundamental prob-
lem associated with LB films. In LB films the molecular assembly trans-
ferred through monolayer compression onto solid substrate no longer
remains in a thermodynamically stable state and as a result the molecular as-
sembly reorients itself in the LB film, thereby losing the specific symmetry
required for having NLO property. Despite this fact regarding LB films it is a
promising technique to implement a noncentrosymmetric structure
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necessary for NLO activity. This method also offers the flexibility to design
the noncentrosymmetric structure of intrinsically centrosymmetric organic
molecules through the formation of monolayer J-aggregates. Head-to-tail
arrangement of molecules in the J-aggregates is responsible for its noncen-
trosymmetric structure. However, J-aggregates also decay with the passage
of time and with laser irradiation. This stems the urge for fabricating organo-
clay hybrid films because these films are much more stable than pure compo-
nent films.

p0185 Recent development in the techniques for fabrication of hybrid materials
consisting of layered inorganic materials and organic materials has enabled
control over molecular assemblies. In pure component LB films the mole-
cules were attached to the substrate by van der Waals forces, whereas in
the case of hybrid films electrostatic force is mostly the governing force
holding the film. This accounts for the greater stability of the hybrid films
compared to the conventional pure component LB films with respect to the
passage of time as well as laser irradiationdanother important parameter
for having good quality NLO materials is low light-scattering property.
Therefore care must be taken while fabricating a dyeeclay mineral compos-
ite such that the composite film should possess low light-scattering property
and the requirements for this are: (1) size of the particles should be smaller
than the wavelength of light and (2) gaps between the particles should be
smaller than the wavelength of light. Furthermore, in recent times, a novel
fabrication process for fabricating hybrid materials exhibiting improved
light-scattering properties has also been developed, and as a result more
effective NLO materials for practical applications have been developed.
People are now trying to enhance the NLO coefficient by fabricating hybrid
films under optimized conditions by suitable methods according to the need
of the hour. Research in this area is in full swing, but still much effort must
be given to discovering the optimized condition for the fabrication of stable
hybrid systems having enhanced NLO responses.

p0190 Kuroda et al. intercalated 4-nitroaniline (p-NA) into the interlayer space of
kaolinite [85]. Here, though p-NA possesses a large b value, it crystalizes in
a centrosymmetric structure and loses its NLO activity. It was demonstrated
that p-NA molecules were oriented in a definite direction because of the for-
mation of hydrogen bonding between silicate layers and p-NA molecules,
and as a result the obtained hybrid material was SHG active. Schematic rep-
resentation of the orientation of p-NA intercalated into kaolinite is shown in
Fig. 8.8.

p0195 Suzuki et al. systematically investigated the enhancement of the molecular
TPA cross-sections (s(2)) of organic dyes confined in the interlayer space of
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clay films [65]. Here, the composite clayedye films were fabricated using
the method proposed by Kawamata et al. [62]. Several possible mechanisms
were proposed to explain the enhanced TPA of dyes in the interlayer spaces
of clays. They comprehensively investigated two of these mechanisms,
namely, (1) enhanced molecular planarity and the consequent extension of
the p-electron system and (2) enhanced molecular orientation. In an effort
to do this, transparent dyeeclay (saponite) films were fabricated using
four cationic dyes. Two of these dyes have enhanced planarity when they
are hybridized with a clay mineral. The other two dyes retained the planarity
of their conjugated p-electron systems when they are in solution or in the
interlayer space of a clay. The measured values of s(2) of these dyes in a
clay film and in solution show that the s(2) of all four dyes is enhanced in
a clay film but this enhancement is greater for the former two dyes. This
was explained to be caused by (1) extension of the p-conjugated system
because of enhanced planarity, (2) reduced detuning energy caused by
enhanced planarity, (3) enhanced molecular orientation, and (4) the occa-
sionally hydrophobic environment of the interlayer space of clay minerals.
The highest enhancement of s(2) was observed for a porphyrin derivative,
tetrakis(1-methylpyridinium-4-yl) porphyrin p-toluenesulfonate, in a hybrid
film. The value of s(2) in a hybrid system was 13 times greater than that in a

f0045 n FIGURE 8.8 Schematic representation of the orientation of 4-nitroaniline (p-NA) intercalated into
kaolinite. Reprinted from R. Takenawa, Y. Komori, S. Hayashi, J. Kawamata, K. Kuroda, Chem. Mater. 13
(2001) 3741, with permission.
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dimethyl sulfoxide solution. Therefore hybridization of cationic dyes with a
clay mineral is an effective design strategy for realizing TPA materials. Cor-
responding spectra are shown in Fig. 8.9.

p0200 They also showed that the TPA cross-section of another dye, 4,40-
[4,1-phenylenedi-2,1-ethynediyl]bis[1-methylpyridinium] diiodide (Ac)
confined in the interlayer space of saponite, enhances by an amount 2.1 times
more than that in water because of enhanced anisotropy of Ac by confine-
ment within the two-dimensional interlayer space of saponite and by a reduc-
tion in the detuning energy [86].

p0205 Jun Kawamata and Shinya Hasegawa fabricated hybrid LB films of a hemi-
cyanine derivative ODEPþBr� and smectite clay (sodium montmorillonite)
by using a clay suspension as the subphase. This hybridization method is
found to be useful in achieving complete disaggregation of the hemicyanine
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f0050 n FIGURE 8.9 Two-photon absorption (TPA) spectra of (A) 1,4-bis(2,5-dimethoxy-4-{2-[4-(N-methyl)
pyridinium] ethenyl}phenyl)butadiyne triflate (MPPBT), (B) 5,10,15,20-tetrakis(N-methyl-4-pyridyl)-
21H,23H-porphine (TMPyP), (C) FL, and (D) PIC in dimethylsulfoxide (DMSO) and composite films. The
DMSO solution concentration was 3.0 � 10�3 mol/L for MPPBT, 6.0 � 10�3 mol/L for TMPyP,
2.5 � 10�3 mol/L for FL, and 2.0 � 10�2 mol/L for PIC. The curve overlapping the circles is a guide
for the eye only. Reprinted from Y. Suzuki, Y. Tenma, Y. Nishioka, K. Kamada, K. Ohta, J. Kawamata, J.
Phys. Chem. C 115 (2011) 20653, with permission.
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derivative in the LB film and thereby showing SHG response confirming the
stabilization of molecular alignment caused by hybridization [87]. Structural
features of a clay film hybridized with a zwitterionic molecule (ind-TCNQ)
analyzed the SHG behavior. It has been observed that the electrostatic inter-
action between the clay layer and the ind-TCNQ molecules operates only in
the region where the ind-TCNQ molecules are in direct contact with the clay
layer [88]. Extensive studies in this area of research have been performed by
Prof. J. Kawamata’s group and have contributed a lot to the field of NLO
studies in hybrid film [89,90].

p0210 Umemura et al. constituted a hybrid LB film consisting of a clay mineral
saponite and an amphiphilic ruthenium(II) complex and investigated its
SHG properties. Multilayered LB films resulted in the increase in SHG in-
tensity indicating the ideal dependence of SHG intensity on film thickness.
This study confirms that the amphiphilic molecules are well oriented in the
hybrid film and maintain orientation throughout the film [25].

p0215 Our research group has optimized the condition for the fabrication of an
SHG active J-aggregate species of a cyanine dye in the organoclay hybrid
film by the LB technique. The film was fabricated using the vertical depo-
sition method. Greater stabilization of the hybrid LB films compared to the
pure component LB films was achieved with respect to laser irradiation,
passage of time, temperature, etc. This confirms the impact of hybridization
on the molecular alignment with respect to different external stimuli [9].

s0055 10. OTHER APPLICATIONS
p0220 Extensive efforts have been given to study thin films of functional materials

over the past few decades with respect to applications in electronic and op-
tical devices, sensors, catalysts, electrodes, etc. [91e93]. These studies
reveal that ultrathin hybrid films of clay nanosheets and amphiphilic cations
can be an ideal candidate for obtaining such functional films with desired
properties. This is because organoclay hybrid films possess interesting char-
acteristics: (1) stable layered structures, (2) controllable layer thickness, (3)
variable cation density, and (4) a CEC on the surface that can be controlled.
Clay nanosheets provide the flexibility to control the structure of the hybrid
film. The LB technique was applied to prepare hybrid films of the titanium
nanosheet and the amphiphilic alkylammonium cation (ODAHþ) [94]. It is
shown that the titanium nanosheet possesses photocatalytic properties even
in the hybrid film. The LangmuireSchaefer (LS) method has been applied as
a means to control the structure of hybrid organoclay thin films consisting of
montmorillonite and dimethyldioctadecylammonium cations [95]. Hybrid
films of sepiolite fibers and amphiphilic alkylammonium cations were
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prepared by the LB method [96]. The fibers in the hybrid film were aligned
perpendicular to the compression direction, although some fibers were out of
order and some were overlapping. Multiemitting properties of hybrid LB
films of amphiphilic iridium complexes and the exfoliated nanosheets of
saponite clay have been reported by Hisako Sato et al. [97]. An electrode
prepared by coating with a hybrid film of metal complexes and a clay layer
(montmorillonite) on an ITO substrate has been used for chiral sensing [98].
A combination of LB and self-assembly techniques has been used to coat the
ITO substrate with organoclay hybrid films. Luminescent oxygen gas sen-
sors based on nanometer-thick hybrid films of iridium complexes and clay
minerals has also been reported [99]. The LB technique was used to prepare
hybrid films of a floating monolayer of amphiphilic cationic iridium(III)
complex and a clay particle montmorillonite in a subphase [100]. This hybrid
film exhibited dual emission characteristics under an oxygen atmosphere.
Accordingly, its use for oxygen sensing was suggested.

p0225 One of the interesting features of the organoclay hybrid films is that even
water-soluble amphiphilic cations spread on an aqueous clay dispersion
form a stable floating film by adsorption of the clay nanosheets (Fig. 8.10).

f0055 n FIGURE 8.10 Preparation method and model of the layered structure of the hybrid
dimethyldioctadecylammonium (DODA)eclayeNi8 multilayer prepared from clay dispersion. Reprinted
from L.M. Toma, R.Y.N. Gengler, D. Cangussu, E. Pardo, F. Lloret, P. Rudolf, J. Phys. Chem. Lett. 2 (2011)
2004, with permission.
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Based on this feature, three-layer component organoclay hybrid films with
reverse deposition orders have been prepared by a modified LS technique us-
ing amphiphilic octadecylammonium chloride, [Ru(dpp)3]Cl2 (dpp ¼ 4,7-
diphenyl-1,10- phenanthroline) and clay montmorillonite [101]. It has been
demonstrated that the organoclay films possess pyroelectric currents with
increasing temperature. Pyroelectric currents for the films were measured by
a noncontact method using a radioactive electrode. When the film was heated,
water molecules were desorbed from the film, and the layer distance was
decreased so that the spontaneous polarization on the film surfaces was
changed to give rise to pyroelectricity.

p0230 Using the LB technique the aireclay suspension interface can be quite effec-
tive for designing novel photofunctional systems because of its highly or-
dered structure. A novel photocontrollable magnetic thin film consisting of
amphiphilic azobenzene cations, a smectite clay montmorillonite, and Prus-
sian blue has been designed and prepared by using the LB method and an
ion exchange reaction [40]. It has been demonstrated that the magnetic prop-
erties of the hybrid films could be controlled by photoillumination. Reversible
photoisomerization of the azobenzene chromophore realized the photoswitch-
ing of the magnetization. A modified LB technique has been used to prepare
thin films of cobalteiron cyanide (CoeFe Prussian blue) and a smectite clay
mineral (montmorillonite) [41]. The hybrid films possess a well-organized
structure and exhibit magnetic anisotropy because of the unique nature of
CoeFe Prussian blue. Moreover, its photoinduced magnetization effect was
also found to be anisotropic. Magnetic thin organoclay hybrid films were
also built by the incorporation of octanickel(II)-oxamato clusters between
clay mineral platelets [102]. The combination of LS deposition with self-
assembly allows control of film growth at the molecular level.

p0235 Fujimori et al. [103] investigated the molecular orientation and surface
morphology of organized molecular films with regard to solid-state struc-
tures for organomodified montmorillonites assembled onto LB films.

p0240 Using the LB technique it is possible to fabricate nanocomposites consisting
of semiconducting polymers and clay minerals having enhanced electrical
properties for sensing and related applications. For example, LB films of
PAni-ES/OMt nanocomposite (PAni-ES ¼ emeraldine salt polyaniline;
OMt ¼ organophilic montmorillonite clay mineral) were found to yield
enhanced performance in detecting traces of metal ions [cadmium (Cd2þ),
lead (Pb2þ), and copper (Cu2þ)] with lowest detection limit. The detection
process was carried out using square wave anodic stripping voltammetry
with ITO electrodes modified with LB films of PAni-ES/OMt nanocompo-
site. Enhancement in the detection performance by the nanocomposite was
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attributed to the stabilizing and ordering effect promoted by OMt in PAni-ES
Langmuir films, which then led to more homogeneous LB films [104].

p0245 The construction of protein-based thin films attracts widespread interest
because they are the key components in biomolecular devices. Combined
films of proteins and smectite clays can be ideal for biosensing and bio-
catalysis applications. Lamellar smectite particles are especially feasible
for this purpose because of their biocompatible surface combined with their
unique intercalation properties, high surface area, and short-range templat-
ing effect. Employing an LbL self-assembled technique, mono- and multi-
layered clayeprotein composite films were successfully constructed on
various supports with and without polyelectrolyte [105]. LB films of
water-soluble proteins and hybrid proteineclay films have been prepared
with the LB technique [106]. The LB technique has been employed for
the construction of hybrid films consisting of three components: surfactant,
clay, and lysozyme [107].

p0250 The LbL technique offers advantages over other conventional techniques
such as LB or spin coating, for example: (1) LB deposition has limited appli-
cability as it requires amphiphilic molecules; (2) spin coating requires large
amounts of solutions, and the film thickness and homogeneity are less
controllable; and (3) covering objects of complex geometry/shape is possible
by LbL, but spin coating and LB are suitable for films only on flat or slightly
bent surfaces. Thus coating of tools or equipment (e.g., in medicine and
surgery) with nanostructured, functional biofilms is promising. Functions
may include antibacterial protection (lysozyme), proteolytic surface (papain),
or in-situ control of biochemical processes (protamine).

p0255 Preparation of technology friendly nanoscale aggregates (J-aggregate, H-
aggregate, excimer, etc.) in ultrathin films is emerging because of their
possible potential device applications. Optical and electrical properties of
such aggregates are strongly dependent on the organization of constituent
molecules. It has been observed that nanoclay particles play a key role in con-
trolling the molecular properties of such aggregates. Actually, the role of clay
is very crucial in controlling the organization and hence the aggregate prop-
erty. In our laboratory a series of organoeclay systems organized onto thin
films has been investigated [9e14,108,109]. Adsorption of a water-soluble
cationic dye into a cationic Langmuir monolayer was reported, where domain
formation can be controlled by incorporating the nanoclay [108].

p0260 J-aggregation in an LB monolayer is very important since it is possible to
have NLO activity from such films even for intrinsically NLO inactive mol-
ecules. It has been observed that formation of thiacyanine J-aggregate in LB
mono- and multilayers can be controlled by the presence of a clay layer
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[109]. Formation of fluorescent H-aggregates of a cyanine dye in ultrathin
films and its effect on energy transfer in the presence of laponite has been
investigated [110]. Formation of H-dimer of a xanthane dye oxazine 4 and
excimer of coumarin in LB films was effected in the presence of the clay par-
ticle laponite [13,27]. It was possible to tune the aggregate properties by
incorporating clay in thin films.

p0265 Table 8.1 lists some of the fine applications of organoclay hybrid films.

t0010 Table 8.1 Applications/Important Properties of Clay Containing Hybrid Films

Clay
Amphiphiles/Other
Complexes/Polymer

Preparation
Technique

Potential Application/
Important Property References

Saponite, hectorite RhB 18 LB Adsorption kinetics of
clay onto floating
monolayer

[74]

MMT ODAHþCl LB Optical interference
filters for X-rays

[28]

Saponite, MMT,
hectorite, laponite RD

RhB18, Oxa18 LB Fluorescence materials [26]

Saponite RhB18 LB Fluorescence materials [34]

Saponite Stearic acid (SA), MgCl2 LB e [11]

Saponite [Ru(phen)2(dcC12bpy)]
2þ,

ODAHþCl
LB SHG [25]

Organic saponite [Ru(acac)2(acacC12)],
[Ru(phen)2(dcC18bpy)]

2þ
LB Photoelectric materials [37]

MMT [Ru(phen)2(dcC18bpy)]
2þ LB Modified indium tin

oxide (ITO) electrode
for
photoelectrocatalytic
oxidation

[36]

MMT ODAHþCl, [Fe(phen)3]
2þ LB SHG [39]

MMT [Os(phen)2(dC18bpy)]
2þ,

L-[Os(phen)3]
2þ,

[Ru(bpy)2(m-PhOH)]2þ

LB Modified ITO electrodes [43,44]

MMT C12AzoC5N
þ, FeeFe

Prussian blue,
(FeSO4þK3[Fe(CN)6])

LB Photoswitchable
photomagnetic film

[40,111]

MMT ODAHþCl, FeeFe
Prussian blue,
(FeSO4þK3[Fe(CN)6])

LB Photomagnetic film [112]

MMT DDAB, CoeFe Prussian
blue

LB Photomagnetic film [41]
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Table 8.1 Applications/Important Properties of Clay Containing Hybrid Films Continued

Clay
Amphiphiles/Other
Complexes/Polymer

Preparation
Technique

Potential Application/
Important Property References

Laponite Oxa18, sRhB LB, LbL H-aggregate,
enhancement in energy
transfer

[110]

Laponite NK LB Stability of J-aggregate,
SHG

[9]

Hectorite AO, ODA LB Controlling H-dimer
formation in hybrid film

[113]

Laponite TMPyP, ODA, SA LB J-aggregate [114]

Laponite MnTMPyP, PAH LbL J-aggregate [115]

Laponite TMPyP, PAA, PAH LbL J-aggregate [14]

Laponite 7HNO3C LB Controlling excimer
formation

[27]

Laponite NK, RhB18 LB Enhancement in
efficiency of energy
transfer in the presence
of clay

[24]

Laponite NK LB Effect of hybridization
on NK J-aggregate

[109]

Laponite RhB18, TC18 LB J-aggregate,
fluorescence resonance
energy transfer

[10]

Laponite Acf, RhB LbL pH sensor [79]
Laponite OX4, PAA, PAH, DNA LbL Controlling H-dimer [13]

Laponite AO, PAA, PAH LbL Control of H-dimer [12]

MMT M2þ(dpp)3 (M ¼ Mn, Co,
Ni, Cu, and Zn)

LB SHG [45]

MMT, saponite Ru2þ(dpp)3 LB SHG [30]

MMT Racemic Ru2þ(dpp)3,
chiral Ru2þ(dpp)3

LB Nonlinear optical
devices

[116]

CoAleLDH PSS LbL Magnetooptical
response in the UV
range

[117]

CoAleLDH, MgAleLDH,
NiAleLDH

PSS LbL Catalyst, sensors, and
photovoltaic devices

[118]

MgAleLDH APPP LbL Blue
photoluminescence and
prolonged fluorescence
lifetime

[119]

MgAleLDH PAZO LbL Reversible
photoresponsive
performance

[120]

Continued
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Table 8.1 Applications/Important Properties of Clay Containing Hybrid Films Continued

Clay
Amphiphiles/Other
Complexes/Polymer

Preparation
Technique

Potential Application/
Important Property References

Laponite PDMBA LbL Barrier property
improvement

[55]

Laponite PEI LbL Improved thermal
stability of cotton

[52]

Laponite PEI, PSS LbL Improved barrier
properties

[121]

Laponite, MMT PEI LbL Exceptional barrier
behavior

[51]

MMT PAM LbL Food packaging and
flexible electronics
packaging

[57]

MMT PEI, PAA LbL Optical devices [59]

MMT PDDA LbL Reduces decomposition
of metal by producing
an insulating layer

[58]

MMT PEI LbL Gas barrier properties,
high level of
transparency, food
packaging, flexible
electronics

[53]

Halloysite PDDA, PSS LbL Nanodrug reservoir [122]

Organo- MMT PVAc Spin coating Organic field-effect
transistor device gate
insulator

[123]

Laponite RD PPV Spin coating Light-emitting diodes [61]

Cloisite 30B WPI Spin coating Food packaging [124]
Saponite or stevensite NaCMC, SPA Solution casting Organic electric

luminescence devices
[125]

Naþ-saponite SPA Solution casting Electronic devices or
displays

[126]

Laponite RD s-PEG Solution casting Biomaterials, solid
polymer electrolyte

[127]

(M(dpp)3), [tris(4,7-diphenyl-1,10-phenanthroline)M]; 7HNO3C, 7-hydroxy-N-octadecyl coumarin-3-carboxamide; acac, 2,4-pentanedionato; acacC12,
5-dodecyl-2,4-pentanedionato; Acf, acriflavine; AO, acridine orange; APPP, a sulfonated poly(p-phenylene) anionic derivative; C12AzoC5N

þ, {5-[4-
(4-dodecyloxyphenylazo)phenoxy]pentyl}(2-hydroxyethyl)dimethylammonium bromide; dcC12bpy, 4,40-carboxyl-2,20-bipyridyl didodecyl ester;
dcC18bpy, 4,40-dioctadecyl-2,20-bipyridyl; DDAB, dimethyl dioctadecylammonium bromide; LB, LangmuireBlodgett; LbL, layer by layer; LDH,
hydrotalcite (layered double hydroxides); m-PhOH, 4-methyl-40(CONH-phenol)-2,20-bipyridyl; MMT, montomorillonite; MnTMPyP, manganese(III)
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine chloride tetrakis (methochloride); NaCMC, carboxymethyl cellulose sodium salt; NK, N,N0-dioctadecyl
thiacyanine perchlorate; ODA, octadecyl amine; ODAHþCl, octadecylamine hydrochloride; OX4, oxazine 4.perchlorate; Oxa18, N,N0-dioctadecyl
oxacarbocyanine perchlorate; PAA, poly(acrylic acid); PAH, poly(allylamine hydrochloride); PAM, polyacrylamide; PAZO, poly{1-4[4-(3-carboxy-4-
hydroxyphenylazo)benzenesilfonamido]-1,2-ethanediyl sodium salt}; PDDA, poly(diallyldimethylammonium chloride); PDMBA, poly(N,N-diallyl-N-
methyl-N-(2-vinylbenzyl)ammonium) methyl sulfate; PEI, poly(ethylenimine); phen, 1,10-phenanthroline; PPV, poly(p-phenylenevinylene); PSS,
poly(4-styrenesulfonate); PVAc, poly(vinyl acetate); RhB 18, octadecyl rhodamine B; s-PEG, triethoxysilane modified with poly(ethylene glycol); SA,
stearic acid; SPA, sodium polyacrylate; sRhB, sulforhodamine B monosodium salt; TMPyP, 5,10,15,20-tetrakis(1-methyl-4-pyrindino) porphyrin
tetra(p-toluenesulfonate); WPI, whey protein isolate.
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s0060 11. CONCLUSION AND OUTLOOK
p0270 Layered inorganic clays are suitable and versatile materials for the prepara-

tion of functional nanofilms. Of the different thin film preparation techniques,
LB, LbL, and spin coating are commonly used for organoclay hybrid film
formation. Research of hybrid films includes the fundamental study of clay
mineralepolymer/organic molecule interactions, intercalation, and organiza-
tion of adsorbed molecules in the interlayer space as well as on the surface of
the clay. This knowledge is vital for making significant progress toward ap-
plications of organoclay hybrid systems in industry. Already, different func-
tionalities such as energy transfer, SHG, TPA, TPFM, magnetism, nanoscale
aggregation, catalysis, etc. have been explored in such systems.

p0275 Research should progress along two directions: (1) optimization of the film
preparation technique and parameters toward a particular property or a de-
vice; (2) fundamental understanding of the film-forming process, the orga-
nization of the molecules, and the elementary clay mineral platelets as well
as ideas regarding the stability of the films. The property of the hybrid films
depends on the nature of the amphiphile and its organization. To search for
new functionalities in such films, it would be interesting to use a variety of
organic molecules along with different clay minerals. Organoclay hybrid
films have a unique potential with a variety of functionalities, and must
surely find a niche where this potential is fulfilled.
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Abstract

Nanodimensional clay particles are considered to be interesting building blocks for preparing functional materials because of

their high aspect ratio and chemical properties. The main interest is in their colloidal size and the permanent structural charge

of the particles. Smectites or swelling clay minerals are naturally occurring nanomaterials that can be fully delaminated to

elementary clay mineral sheets in dilute aqueous dispersion. These dilute aqueous smectite suspensions are well suited to

convert into functional nanofilms. The functionalization is performed by ion exchange reaction with amphiphilic

molecules carrying the desired functionality, such as chirality, two-photon absorption, energy transfer, optical nonlinearity,

and magnetism, which are caused by the nature of the amphiphilic cations and the organization of both the amphiphilic

molecules and elementary clay mineral platelets. LangmuireBlodgett, spin coating, and layer-by-layer self-assembled

techniques are commonly used to prepare such functional films. This chapter gives an overview of organoclay hybrid films

highlighting their application potential.

Keywords:

Cation exchange capacity; Clayedye hybrid films; LangmuireBlodgett; Layer-by-layer technique; Organoclay; Spin coating.½AU3�
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