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In general cationic amphiphiles are used to prepare organo-clay hybrid film in Langmuir–Blodgett (LB) tech-
nique. In this present communication we demonstrated a unique technique to prepare the organo–clay
hybrid films using an anionic amphiphile. The T–O–T type clay saponite was incorporated onto a floating
stearic acid monolayer via a divalent cation Mg2+. Salt MgCl2 was mixed along with the clay dispersion in
the LB trough and amphiphile solution was spread onto the subphase in order to make the organo-clay
hybrid films. It was observed that salt (MgCl2) concentration on the subphase affects the organization of
nano-dimensional clay platelet (saponite) in organo-clay hybrid films at air–water interface as well as in
LB films. Noticeable changes in area per molecule and shape of the isotherms were observed and measured
at subphases with different salt concentrations. Infrared reflection absorption spectroscopy studies reveal
that only an in-plane (996 cm−1) vibration of ν (Si\O) band occurred when the salt concentration was
10 mM. However, both in-plane (996 cm−1) and out-of-plane (1063 cm−1) vibrations of the ν (Si\O)
band of saponite occurred when the subphase salt concentration was 100 mM. Also the out-of-plane vibra-
tion of ν (OH) of saponite was prominent at higher salt concentration. This is because at lower salt concen-
tration clay sheets remain flat on the surface whereas; at higher MgCl2 concentration they aggregated and
form stacks of saponite layers. Also they may be slightly tilted with a very small tilt angle at higher salt
concentration making a favorable condition for both in-plane and out-of-plane vibrations of ν (Si\O) in
the hybrid films. Observed decrease in starting area per molecule in the pressure area isotherm measured
at higher salt concentration also supports the tilting of clay layers at air–clay dispersion interface. Attentuated
total reflectance Fourier transform infrared spectroscopy and Atomic Force Microscopy investigations of the
hybrid films prepared with subphase using different salt concentrations also support this thesis.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

There is much current interest in the nano-order organo-clay
hybrid films due to their potential use in various technological appli-
cations [1–3]. The organic part in the hybrid material imparts flexibil-
ity and versatility, whereas, the inorganic clay particles provide
structural stability. These types of hybrid material can have unique
conducting, semiconducting, dielectric and non-linear properties [3].
Construction of such organo-clay nanostructured hybrid material is
an important target of material research. This research has been mo-
tivated by the purpose of developing functional materials, which have
vast technological applications towards molecular and optoelectronic
devices such as sensors, electrode modifiers, pyroelectric and non-
linear optical devices etc. [1–5].

Clay minerals are inorganic sheet-like natural mineral. The main
interest in clay minerals results essentially from the colloidal size
ra University, Suryamaninagar-
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and the permanent structural charge of the clay particles. Through
the increased role of surface chemistry and surface physics, properties
show up in the materials with dimensions of nanometers that do not
exist in larger-sized materials.

Smectite clay materials are of valuable mineral class for industrial
applications because of their high cation exchange capacities, surface
areas, surface reactivities, adsorptive properties, high viscosity and
transparency in solution [6].

Thin film preparing techniques such as Langmuir–Blodgett (LB)
[7–10], Layer-by-Layer self assembly [11–13], and spin coating
[14–16] are being used to construct ultrathin hybrid clay films. The
LB technique is preferred because it leads to uniform films with a
good organization of elementary clay mineral layers and surfactants.
Also the organization of molecules as well as clay sheets in thin films
can be controlled by changing various LB parameters [7–10]. These
films can have interesting properties, such as second harmonic genera-
tion, photo-induced magnetization, electron transfer and chiral sensing
[17]. These properties are determined by the specific organization of
the adsorbed molecules and of the elementary clay mineral layers in
the LBfilms. Evidence of the formation of organo-clay hybridmonolayer
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includes surface pressure vs. area per molecule (π − A) isothermmea-
surement [8,17], Atomic Force Microscopy (AFM) [8,9,17], Fourier
transform infrared spectroscopy (FTIR) [7], X-ray diffraction [18], etc.
The π − A isotherm measurements are strongly influenced by the
presence of clay minerals. The lift off area of the surfactant is shifted
towards larger area in the presence of clays.

In order to form organo-clay hybrid LB films usually amphiphilic
cations are being used [7,9,10,17]. When suitable amphiphilic cations
are spread onto an aqueous clay dispersion interface in a LB trough,
negatively charged clay platelets in the dispersion are adsorbed onto
the bottom of the floating amphiphile monolayer through ion exchange
reaction between the clay layers in the subphase and the amphiphile at
air–water interface. Thus a hybrid monolayer is formed which consists
of inorganic clay platelets covered on one side by one layer of adsorbed
amphiphile at air–clay dispersion interface. Accordingly, this hybrid
monolayer is transferred onto solid substrate to form LB films.

Now-a-days organo-clay nanocomposites as well as organo-clay
hybrid films are of intense interest for researchers and are being ex-
tensively investigated in material science [19,20]. There are two levels
of organizations which actually exist in organo-clay hybrid films:
(i) the organization of organic molecules on the clay mineral surface
as well as on the substrate and (ii) the organization of clay mineral on
solid substrate. If the orientation of the incorporated molecules can be
controlled, then the hybrid clay composite materials would be applica-
ble to devices for current rectifying, nonlinear optics, one-way energy
transfer, Fluorescence Resonance Energy Transfer (FRET), etc. [1,2,4,5].

Depending on the nature of the amphiphilic cations and their
aggregation in the films, films with various properties have been
obtained. Up to now the functionalities of the films, that were inves-
tigated, were limited to optics: nonlinear optics, second harmonic
generation, FRET, etc. It would be interesting to extend the range of
functionalities of the hybrid films, based on clay mineral layers. As
these functionalities depend on the amphiphilic molecules and their
organization in the films, it would be interesting to extend the range
of molecules from amphiphilic cations, investigated until now, to neu-
tral amphiphiles and amphiphilic anions. However, there is hardly any
report of using anionic amphiphile in order to form organo-clay hy-
brid LB films. We tried to form organo-clay hybrid film using anionic
amphiphile stearic acid (SA) and clay platelet saponite. As both SA
and saponite are anionic, normally there was no interaction between
SA and saponite. However, when salt MgCl2, was mixed in the clay
dispersion subphase clay platelet saponite was incorporated in the
floating SAmonolayer. Here divalent cationMg2+ acts as themediator
to incorporate the negatively charged inorganic clay layers onto the
anionic amphiphile SA layer. We also tried with monovalent cation
such as Na1+ but failed to prepare hybrid film. Being divalent Mg2+

acts as a mediator in between anionic clay and anionic amphiphile.
So in this present paper we report a unique method to incorporate
anionic clay saponite onto a floating anionic amphiphile monolayer,
which can be extended to other similar systems.

In the present paper we reported the organization of a well known
clay mineral saponite in Langmuir films on the air–water interface.
Stearic acid (SA) was used as amphiphilic surfactant and MgCl2 was
used as the mediator to adsorb the saponite sheets onto floating SA
monolayer via divalent cation Mg2+. It was observed that the concen-
tration of MgCl2 affects the organization of saponite sheets at the air–
water interface aswell as onto solid substrate. At lower salt concentra-
tion clay sheets remain flat on the surface whereas, at higher MgCl2
concentration they were tilted to some extent and get aggregated.

2. Experimental details

2.1. Materials

Stearic acid (SA, 99%, Sigma-Aldrich Chemical Co.) was used as re-
ceived without further purification. SA was dissolved in HPLC grade
chloroform (99.9%, Sigma-Aldrich Chemical Co.). The clay mineral
saponite used in this studywas obtained from the Source Clays Repos-
itory of the Clay Minerals Society. The clay minerals were stored as
freeze-dried powders. Saponite is a 2:1 or T–O–T type of clay with
three sheets, silica–alumina–silica in a sandwich like formation. In
general saponite clay platelets consist of stacks of such 2:1 layers.
However it is possible to make highly dispersed clay suspension
consisting of single clay layers [9,10]. Such clay dispersions were pre-
pared by stirring the aqueous clay dispersion for more than 24 h with
a magnetic stirrer and followed by ultrasonication for about half an
hour before use [9,10].

2.2. Isotherm measurement and film formation

A commercially available Langmuir–Blodgett (LB) film deposition
instrument (APEX 2000C, India) was used for isotherm measurement
and hybrid monolayer film preparation. Either triple distilled deionised
water (resistivity 18.2 MΩ cm), or clay dispersions stirred for 24 h
(by a magnetic stirrer) in triple distilled deionised water was used
as subphase. The clay concentration was fixed at 10 mg/L (10 ppm).
In few cases MgCl2 with different concentrations was added in the
subphase. 50 μl of chloroform solution of SA (1.75 × 10−3 mol/l) was
spread on the subphase of the LB trough by a micro syringe. Allowing
30 min to evaporate the solvent and to complete the hybrid film forma-
tion, the floating monolayer was compressed at a rate of 5 mm/min
to monitor the pressure-area isotherm. Surface pressure was recorded
using a Wilhelmy arrangement [21]. Each isotherm was repeated
several times and consistent results were obtained. The monolayers
were then transferred very carefully by Y type (vertical) deposition at
15 mN/m surface pressure (lifting speed 5 mm min−1) onto smooth
silicon wafer for AFM measurement and onto a zinc sellenide single
crystal substrate for attenuated total reflectance Fourier transform in-
frared spectroscopy (ATR-FTIR) measurement. The transfer ratio was
found to be 0.96 ± 0.02. The room temperature was 24 °C.

2.3. Infrared reflection absorption spectroscopy and ATR-FTIR
spectroscopy

Infrared reflection absorption spectroscopy (IRRAS) of the Lang-
muir monolayer at the air–water interface was done by a special
accessory attached with a Bruker IFS66v/s FTIR spectrometer. For
IRRASmeasurement themonolayer film on the liquid surfacewas pre-
pared in a polytetrafluoroethylene trough (area = 17.6 cm2) with a
manually controlled barrier. Details of the IRRAS measurement were
reported elsewhere [9,22]. The trough was filled with aqueous disper-
sion of saponite. MgCl2 was added in the subphase at different concen-
trations. A microsyringe was used to spread 3 μl chloroform solutions
(1.75 × 10−3 mol/l) of SA on the air–clay dispersion subphase of the
trough. Then the spectra were recorded with regular time interval. A
total of 512 scans were signal averaged using an optical resolution of
2 cm−1. The films on the liquid surface were measured at 40° inci-
dence to have maximum signal strength. The background spectra
were the subphase surface before spreading the SA solution. The spec-
trometer used in this study was equipped with a liquid nitrogen
cooled Mercury cadmium telluride detector and a KBr beam splitter.

ATR-FTIR measurement of the SA–Mg2+–saponite hybrid film was
done by a FTIR spectrophotometer (Spectrum 100, PerkinElmer). A
clean zinc–sellenide substrate was used for background measurement.

2.4. Atomic Force Microscope

The AFM images of hybrid monolayer films were taken in air with a
commercial AFM systemAutoprobeM5 (Veeco Instr.) using silicon can-
tileverswith a sharp, high apex ratio tip (UltraLevers™, Veeco Instr.). All
the AFM images presented here were obtained in intermittent-contact



263S.A. Hussain et al. / Thin Solid Films 536 (2013) 261–268
(“tapping”) mode. Typical scan areas were 2 × 2 μm2. The monolayers
on Si wafer substrates were used for the AFMmeasurements.

3. Results and discussions

3.1. Monolayer characteristics at the air–water interface

Surface pressure vs. area per molecule (π − A) isotherms of SA on
10 mMMgCl2 subphase and 100 mMMgCl2 subphase with and with-
out clay are shown in Fig. 1a and b respectively. The isotherms of SA
on pure water and on clay subphase are also shown for comparison.

SA isotherm on pure water subphase indicates that surface pres-
sure starts to increase at the area per molecule of ~0.32 nm2 upon
compression. The mean molecular area estimated by extrapolating
the steeply rising part of the isotherm curve to zero pressure is
~0.23 nm2, which is consistent with the area occupied by densely
packed alkyl chains [21,23]. Also the area permolecule for SA isotherm
is 0.21 nm2 at a surface pressure of 25 mN/m,which is consistentwith
the reported results [21,23].

π − A isotherm of pure SA shows a gaseous state between surface
pressures of 0 to 1.8 mN/m, where the area per molecule drops from
0.32 nm2 to 0.28 nm2. Then a liquid phase is observed up to the sur-
face pressure of ~13.6 mN/m. After which the isotherm shows steep
rising up to the collapse pressure is reached at about 53.4 mN/m.
This is an indication of attainment of solid condensed phase of the
SA monolayer.

The SA isotherm in presence of MgCl2, is shifted to a slightly lower
area (curve 3 of Fig. 1a and b), revealing the complexation between
Mg2+ ion of MgCl2 and SA monolayer at air–water interface resulting
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Fig. 1. Surface pressure-area per molecule isotherms of SA on different subphases
[a] purewater (1), 10 ppm saponite (2), 10 mMMgCl2 (3), and 10 mMMgCl2 + 10 ppm
saponite (4) and [b] pure water (1), 10 ppm saponite (2), 100 mM MgCl2 (3), and
100 mM MgCl2 + 10 ppm saponite (4).
in the straightening up of alkyl chain. Here for both the salt concen-
trations (10 mM and 100 mM) the liquid phase of the isotherms
expanded up to the surface pressure of 26.2 mN/m and the gaseous
phase becomes almost indistinguishable after zero surface pressure.
The collapse pressure in the presence of salt is larger compared to
pure SAmonolayer, suggesting that Mg2+ ion stabilizes themonolayer.
There are several literatures available on this topic [21].

Marked changes in the isotherms are observed when the SA iso-
therms are measured on the clay (saponite) dispersed subphase
containing the salt MgCl2. Here the isotherms are shifted to a compar-
atively larger area than that in the absence of clay. This is an indication
that clay sheets are incorporated into the monolayer at air–water
interface. However no change in SA isotherm is observed when the
isotherm is measured only on the clay dispersion subphase (curve 2
of Fig. 1a and b). The isotherm almost overlaps the pure SA isotherm
measured on pure water. This is because both clay and SA are anionic
and no interaction occurred in between them. In the presence of
MgCl2, the divalent cation Mg2+ interacts with the SA molecule of
floating monolayer and the clay platelets present at the subphase.
Thus the clay platelets are incorporated onto the monolayer via diva-
lent cation Mg2+. When the subphase is 10 ppm saponite + 10 mM
MgCl2 solution (curve 4 of Fig. 1a), the isotherm starts rising at a sur-
face area of 0.4 nm2. The gaseous phase exists up to ~0.5 mN/m and
liquid phase extends up to 20 mN/m. After which the solid condensed
phase is achieved and the surface pressure rises up to 56.5 mN/m,
where, the collapse of monolayer occurred. On the other hand the SA
isotherm on 10 ppm saponite + 100 mM MgCl2 solution (curve 4 of
Fig. 1b) starts rising at an area per molecule of 0.34 nm2. Here the iso-
therm shows two liquid phases: (i) liquid expanded phase (0.2–
7.4 mN/m) and (ii) liquid condensed phase (7.4–23.3 mN/m). After
which the solid condensed state is reached and the surface pressure
rises steeply up to the attainment of collapse pressure at ~61 mN/m.
The observed decrease of starting area per molecule and the existence
of two types of liquid phases at higher MgCl2 concentration indicate
that some orientational changes of clay sheets occurred in the mono-
layer. Our investigations ofmonolayer using IRRAS, ATR-FTIR and AFM
revealed that at lower salt concentration the clay sheets remain flat in
the monolayer, whereas, the clay sheets are somewhat tilted in the
monolayer with higher MgCl2 concentration due to aggregation and
overcrowding of saponite layers at air–clay dispersion interface.

3.2. Infrared reflection absorption spectroscopy (IRRAS) and ATR-FTIR
studies

The IRRAS technique is very attractive because it can be applied to
obtain spectra from monolayer directly on the air–water interface,
which provides information about themolecular orientation [9,22,24].

Fig. 2a and b shows the IRRAS spectra of SA monolayer on 10 ppm
saponite + 10 mMMgCl2 subphase and 10 ppm saponite + 100 mM
MgCl2 subphase respectively measured at different time intervals
after spreading of SA solution. The figures are presented in reflectance
mode, as the absorption band of IRRAS curves in dielectric medium is
negative [24].

The IRRAS spectra of SA monolayer on 10 ppm saponite + 10 mM
MgCl2 subphase possess strong prominent bands at 2851 cm−1

and 2920 cm−1. These two bands are the diagnostic bands of SA
and identified as the stretching vibrations of CH2 group of SA [25,26].
The prominent band at 996 cm−1 corresponds to the in-plane Si\O
stretching vibration, ν (Si\O), of saponite [27]. Also almost indistin-
guishable weak hump at 1063 cm−1 is observed which is assigned
as due to out-of-plane vibration of ν (Si\O) band. The out-of-plane
ν (OH) vibration at 3680 cm−1 is almost indistinguishable. It may be
mentioned in this context that this band gives information about the
orientation of the saponite clay. Ras et al. [7] performed polarized
ATR-FTIR measurement of a hybrid LB film of saponite clay sheets.
They found prominent ν (OH) band at 3680 cm−1 using p-polarized
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light and a very low intense band using s-polarized light with dichroic
ratio 0.33 which is consistent with the orientation of OH group normal
to the clay plane. With increasing time the intensity of IRRAS band in-
creases and reaches its maximum with waiting time of ~20 min. This
has been shown in the inset of Fig. 2a. Inset of Fig. 2a was drawn con-
sidering the baseline correction.

It is worthwhile to mention in this context that when the IRRAS
spectra were measured for SA monolayer on clay subphase in the ab-
sence of MgCl2, the ν (Si\O) band at 996 cm−1 was not observed
[figure not shown]. However, when the IRRAS spectra were recorded
Fig. 2. a. IRRAS spectra of SA monolayer on 10 mMMgCl2 and 10 ppm saponite subphase tak
region and (ii) intensity of 996 cm−1 band as a function of time. b: IRRAS spectra of SA mo
tervals after spreading of SA solution. Inset: (i) enlarged ν (Si\O) region and (ii) intensity o
hybrid films for two different salt concentrations: (i) ν (OH) region and ν (Si\O) region. Th
time) and 30 min (maximum waiting time) for 10 mM and 100 mM MgCl2 respectively.
in presence of MgCl2 and clay, the ν (Si\O) band at 996 cm−1 was
observed. This indicates that when negatively charged clay platelets
come in contact with the floating SA monolayer no interaction oc-
curred between SA and clay being both anionic. However, in the pres-
ence of MgCl2, the divalent Mg2+ ion interacts with the SA molecules
on the floating monolayer along with the clay platelets in subphase
through electrostatic interaction. Thus MgCl2 acts as the mediator to
incorporate the clay sheets into the floating monolayer at the air–
water interface. Number of clay sheets adsorbed onto the floating
layer increases with time resulting in an increase in surface coverage
en at different time intervals after spreading of SA solution. Inset: (i) enlarged ν (Si\O)
nolayer on 100 mM MgCl2 and 10 ppm saponite subphase taken at different time in-
f 996 cm−1 band as a function of time. c: Enlarged IRRAS spectra of SA–Mg2+–saponite
e spectra were taken from Fig. 2a and 2b for waiting time of 26 min (maximum waiting
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as well as the thickness of the floating organo-clay hybrid film. This
increase in thickness as well as surface coverage of the floating hybrid
film causes an increase in reflectance of 996 cm−1 band. However
after a certain time interval the reaction is completed. Consequently
the reflectance also reaches itsmaximumand becomes almost constant.

It may be mentioned in this context that we tried to perform this
experiment using a mono-valent salt NaCl. However, we did not ob-
serve the characteristic bands of clay in the IRRAS spectra indicating
that clay-SA hybrid films were not formed at the air–water interface.

The IRRAS spectra of SA monolayer taken on 10 ppm saponite +
100 mM MgCl2 subphase are quite interesting. Here in addition to
the in-plane ν (Si\O) band at 996 cm−1 the out-of-plane ν (Si\O)
band at 1063 cm−1 is also present. Also an intense out-of-plane ν
(OH) stretching band is observed. This indicates that the organization
of saponite platelets onto the floating monolayer is different for lower
and higher MgCl2 concentrations. The absence of 1063 cm−1 band at
lower MgCl2 concentration suggests that the out-of-plane vibration of
ν (Si\O) band of saponite is restricted. However, both in-plane and
out-of-plane vibrations of ν (Si\O) band occurred in the case of
higher MgCl2 concentration. This is possible if the organizations of
clay layers are different in the monolayer. At lower salt concentration
the clay sheets remain flat in the monolayer, which in turn prohibit
the out-of-pane vibration of ν (Si\O) band. However, at higher salt
concentration some reorientation of clay layers occurred. Due to the
presence of larger number of Mg2+ ion there may be overcrowding
of saponite layers resulting in the formation of stacks and aggregates.
Also there may be a possibility of formation of preformed aggregates
of clay platelets in the subphase at higher MgCl2 concentration. Ac-
cordingly these aggregates are adsorbed onto the SA monolayer at
the interface in the presence of a large number of Mg2+ ions at a
higher salt concentration. Consequently the clay layers may be tilted
with a very small tilt angle in the monolayer, which makes favorable
conditions for both in-plane and out-of-plane vibrations of ν (Si\O)
band in the hybrid monolayer. This is also supported by the observed
decrease in starting area per molecule of the pressure area isotherm
at higher salt concentration. However, to know about the exact orien-
tation of the clay layers in Langmuir and LB films further study is
going on in our laboratory.
Fig. 2c shows the enlarged form of the bands at lower and higher
MgCl2 concentrations for comparison. A clear difference in intensity
of 1063 cm−1 out-of-plane ν (Si\O) band and 3681 cm−1 out-of-
plane ν (OH) band for two different salt concentrations gives a clear
evidence of the different orientations of saponite layers for two dif-
ferent MgCl2 concentrations. It was observed that the intensity of ν
(Si\O) band gets smaller at 100 mM concentration of MgCl2. This
may be due to the change in orientation of the clay platelets which
are supposed to occur for overcrowding and aggregation of the clay
platelets at higher salt concentration. An explanation has been given
later using a schematic diagram.

The ATR-FTIR spectra of hybrid LB films (Fig. 3) are also in good
agreement with the IRRAS spectra. The ATR-FTIR spectra of SA LB
film prepared on 10 ppm saponite + 10 mMMgCl2 subphase possess
only the in-plane ν (Si\O) band at 996 cm−1 and the out-of-plane
band is absent. On the other hand both in-plane and out-of-plane
bands of ν (Si\O) bond are present in the spectrum of SA LB film pre-
pared using 10 ppm saponite + 100 mM MgCl2 subphase. This also
supports the change in orientation of clay sheets at two different salt
concentrations.

Our AFM investigations give compelling visual evidence of change
in orientation of clay sheets in organo-clay hybrid films with change
in salt concentration.

3.3. Atomic Force Microscopy

In order to have an idea about the organization of clay sheets we
have taken the AFM images of LB films prepared at lower as well as
higher MgCl2 concentrations of clay dispersed subphase. The repre-
sentative images are shown in Figs. 4a and b.

Here the monolayer films are transferred onto smooth silicon sub-
strates at 15 mN/m surface pressurewith waiting time of 15 min after
reaching this surface pressure. This time is allowed in order to stabilize
the film.

It is interesting to mention in this context that the elementary clay
minerals in the subphase are attracted to the interface (against grav-
itational forces) to form hybrid monolayer, which is metastable at
the air–water interface. The waiting time for adsorption and before
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compression was 30 min. This time was given to complete the ad-
sorption process. After this time the barrier was compressed to record
the isotherm or to reach a particular surface pressure for film deposi-
tion. Here the film was deposited at 15 mN/m surface pressure. After
reaching 15 mN/m surface pressure 15 min was allowed to stabilize
the surface pressure before film deposition on to the substrate. Up
to 30 min the surface pressure remains almost fixed. It was observed
that with increase in waiting time (>30 min) the individual hybrid-
ized clay layers diffuse slowly into the subphase indicating a decrease
in surface pressure. So the waiting time is kept fixed at 15 min before
deposition. T. Szabo et al. [28] reported in one of their papers that for
saponite particles with increasing waiting time between the mono-
layer formation and transfer to the substrate, the particle density in
the monolayer decreased. They prepare the LB film at waiting time
of 15 min and 60 min respectively and found that the particle density
is much less in the film lifted at 60 min We also observe that with
waiting time greater than 30 min before deposition the surface pres-
sure decreases due to diffusion of hybridized clay layers into the
subphase. So we optimize the waiting time 15 min after reaching
15 mN/m surface pressures and before deposition.

From the AFM images one can note marked changes with respect
to textures of the films. Fig. 4a shows the AFM image of hybrid film
prepared using 10 mM MgCl2 concentration. The saponite layers
with various size and shapes are clearly visible. It is observed that
the saponite sheets are lying flat on the substrate and individual sap-
onite layers are distinguishable. The thickness of the clay sheets are of
the order of ~2–3 nm. The lateral sizes of the clay platelets are close
to 0.5–1 μm. This information is realistic for a single saponite layer
lying flat on the substrate surface [7,28]. The surface coverage is al-
most ~70%. However the AFM image of hybrid LB monolayer pre-
pared on 100 mM MgCl2 concentration is quite different than that
se. The height profile along lines I and II in the image is also shown. b: AFM image of LB
ng lines I and II in the image is also shown.

image of Fig.�3
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prepared on 10 mMMgCl2 concentration. Here it appears that almost
all the surfaces are covered with the clay layers. Also the individual
clay layer is indistinguishable. From the height profile analysis it is
observed that here the height of films across the line is bigger than
the previous case. The highest thickness is ~16–17 nm across the
line shown. This thickness is equal to the stacking of several clay
layers. At higher salt concentration the Mg2+ concentration in the
subphase is large. This may trigger overcrowding of clay platelets at
the air–clay dispersion. This overcrowding may result in a small tilt
of the organization of the saponite layers. Such tilting of saponite
layer may also contribute to the observed increase in height. However,
the tilt angle should be extremely small because if the tilt angle is larger,
then the surface roughness should be extremely large, since theplatelets
should be viewed edge-on or oblique.

It is worthwhile tomention in this context that IRRAS studies show
that the out-of-plane vibration is restricted on the films at air–water
interface for lowerMgCl2 concentration. The flat organization of sapo-
nite sheet prohibits the out-of-plane vibration. On the other hand the
tilted organization of clay sheets in the films with higher MgCl2 con-
centration allows both the in-plane and out-of-plane vibrations of ν
(Si\O) band of saponite. So it can be concluded that concentration
of MgCl2 in the subphase plays a vital role in controlling the orienta-
tion and organization of clay particles at the air–water interface.
Fig. 5. Schematic representation of SA–Mg2+–clay film at air–water interface f
3.4. Schematic diagram

In order to explain the flat and tilted organization of clay platelets
at different salt concentrations schematic diagrams are shown in
Fig. 5a and b. Mg2+ is a divalent cation whereas clay and SA both
are anionic. Mg2+ divalent cation acts as a mediator to both SA and
clay as shown in Fig. 5a and b.

It is worthwhile to mention in this context that, the elementary
clay minerals in the subphase are attracted to the interface (against
gravitational forces) to form hybrid monolayer at the air–water inter-
face. At lower salt concentration most of the Mg2+ ions take part to
immobilize the clay on the SA monolayer. Also the tendency to form
preformed aggregate on the subphase is very less due to the presence
of a lower number of Mg2+ ions. The tendency to adsorb preformed
aggregates at air–water interface against gravity is also less due to
the presence of a lower number of Mg2+ cation. As a result the SA–
Mg2+–saponite hybrid film consists of mainly single saponite sheets
lying flat at air–water interface and in LB film. This has been shown
schematically in Fig. 5a.

Fig. 5b shows the schematic diagram of SA–Mg2+–saponite hybrid
film at higher salt concentration. The presence of a large number of
Mg2+ cations at higher salt concentration creates a favorable environ-
ment for preformed aggregate formation (Fig. 4b). Due to the presence
or (a) 10 mM MgCl2 concentration and (b) 100 mM MgCl2 concentration.
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of a large number of Mg2+ cations these preformed clay aggregates
are easily adsorbed onto floating SA monolayer. Due to the presence
of a larger number of Mg2+ ions the electrostatic interaction between
saponite aggregates, Mg2+ ion and amphiphilic SA molecules is suffi-
cient to overcome the gravitational forces. Also there is a possibility to
adsorb successive saponite sheets at air–water interface due to the
presence of a large number of Mg2+ ions, resulting in an overcrowding
aswell as aggregate formation. The height profile analysis of AFM image
at higher salt concentration also reveals that aggregates of three to four
layers of saponite are formed at air–water interface and no single sapo-
nite sheet is available. There may be a possibility of slight tilting of the
saponite sheets due to the presence of saponite aggregates as well as
overlapping of several saponite sheets. Also at higher salt concentration
manyMg2+ ions lie within the subphase and may attach to the bottom
of the floating clay platelets or clay aggregates. This will also contribute
to the tilting of clay sheets at the interface.

Saponite particles are very soft [29]. It was observed that when
they are transferred onto any rough surfaces, they take the texture
of the surface and lost their actual shape [29]. In the present case
due to the overcrowding and aggregation as well as tilting the sapo-
nite particle lost their actual shape. Accordingly, in the AFM image of
hybrid film prepared at a higher salt concentration, no definite shape
or size of the individual saponite particles is observed.

4. Conclusion

In conclusion in the present work we have demonstrated the prep-
aration of organo–clay hybrid films using the LB technique. Generally
in LB technique amphiphilic cations are used to incorporate anionic
clay layers onto hybrid films. However, here we have used an anionic
amphiphile SA. MgCl2 was used to incorporate the clay layers onto the
floating SA layers through the divalent cation Mg2+. T–O–T type clay
saponite was used in this study. This has been investigated using sur-
face pressure vs. area per molecule isotherm, IRRAS, and AFM studies.
It was found that the organization of saponite layers was largely af-
fected by the subphase MgCl2 concentration. Marked changes in iso-
therms measured at different salt concentrations were observed. The
starting area per molecule for isotherm measured at 10 mM MgCl2
concentration was larger than that measured at 100 mM MgCl2
concentration. This is an indication of reorientation of clay layers
at the interface. In-situ IRRAS investigations of organo-clay hybrid
monolayer at 10 mM salt concentration reveal that only the in-plane
(996 cm−1) vibration of the ν (Si\O) band of saponite exists. Where-
as, for the films prepared at 100 mM salt concentration, both the
in-plane (996 cm−1) and out-of-plane (1063 cm−1) vibrations oc-
curred. Also a clear difference in out-of-plane ν (OH) band intensity
for lower and higher MgCl2 concentration was observed. These results
indicate that the orientation of saponite layers in the organo-clay hy-
brid films at air–water interface as well as on to solid substrate is dif-
ferent for different salt concentrations. At lower salt concentration the
clay sheets remain flat in the films, consequently the out-of-plane
vibration is restricted. Whereas, at higher salt concentration the clay
sheets are somehow tilted such that the two types of vibration can
occur. This may be due to overcrowding of saponite layers in the
presence of a large number of Mg2+ cations. ATR-FTIR and AFM inves-
tigations of the organo-clay hybrid films prepared at different salt con-
centrations also support this thesis.
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