
E
L

D
a

b

a

A
R
R
A

K
L
P
L
N
J
T

1

f
m
n
T
i
e
o
(
t
b
s
e
s
t

a
m
o
t

i

1
d

Spectrochimica Acta Part A 77 (2010) 232–237

Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy

journa l homepage: www.e lsev ier .com/ locate /saa

ffect of nano-clay platelets on the J-aggregation of thiacyanine dye organized in
angmuir–Blodgett films: A spectroscopic investigation

. Bhattacharjeea, Syed Arshad Hussaina,b,∗, S. Chakrabortya, R.A. Schoonheydtb

Department of Physics, Tripura University, Suryamaninagar 799130, Tripura, India
Centre for Surface Chemistry and Catalysis, Katholieke Universiteit Leuven, Kasteelpark Arenberg 23, 3001 Leuven, Belgium

r t i c l e i n f o

rticle history:
eceived 17 December 2009
eceived in revised form 10 May 2010
ccepted 15 May 2010

a b s t r a c t

In this paper we report the effect of the incorporation of nano-dimensional clay platelets, laponite, on
the J-aggregation of a thiacyanine dye N,N′-dioctadecyl thiacyanine perchlorate (NK) assembled into
Langmuir–Blodgett (LB) monolayers. �–A isotherms and atomic force microscopic studies confirm the
successful incorporation of clay platelets into the Langmuir monolayer of NK. J-aggregates of NK remain
eywords:
angmuir–Blodgett films
ressure–area isotherm
aponite
ano-clay

-aggregates
hiacyanine dye

present in LB films lifted at lower as well as higher surface pressures in the absence of laponite clay
platelets. However, with the incorporation of clay platelets, J-aggregates are formed only in LB films lifted
at higher surface pressure of 30 mN/m and totally absent in the films lifted at lower surface pressures of
10 and 15 mN/m. This may be due to the formation of nano-trapping level by overlapping of clay platelets
at higher surface pressure. NK molecules may get squeezed to these nano-trapping to form J-aggregates.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

The Langmuir–Blodgett (LB) technique is one of the most use-
ul tools for arranging various kinds of molecules into uniform

onolayer assemblies, which may be suitable for construction of
anosized molecular aggregates with various functionality [1,2].
hese are useful for optical sensitizing, chemical sensing and
nformation storage [1,2], etc. The molecular aggregation and ori-
ntation in LB films are inherently dependent upon the molecular
rganization in the spread monolayers at the air–water interface
Langmuir films). J-aggregates of the dye molecules are charac-
erized by a sharp band, red shifted with respect to the monomer
and and by a strong photoluminescence with almost zero Stokes
hifts, which may be useful in optoelectronic and molecular photo-
lectronic devices [3]. The pioneering work by Khun et al. [4,5] on
urface active cyanine dyes has opened studies of J-aggregation in
he two-dimensional (2D) structures of LB films.

One of the advantages of LB technique in constructing molecular

ggregates lies in the fact that various kinds of molecules can be
ixed at the air–water interface using this technique [6]. It has been

bserved that mixed systems sometimes exhibit new properties
hat are not observed for individual components [2,6]. In the case
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of micro-cyanine dyes, the mixture of different dye analogs helps
to control the J-aggregates [7].

The LB films of surface active cyanine dyes mixed with arach-
hidic acid have been reported in 1980s [8,9]. These LB films have
been serving as typical systems in revealing physical and structural
aspects of nanosized molecular aggregates in monolayers. Depend-
ing on the molecular structure these films either exhibit J-aggregate
or not and show photoelectric properties, such as photoconductiv-
ity [10].

Fluorescent cyanine and thiacyanine dyes are widely used as
markers and sensor systems [11]. Their absorption and fluores-
cence spectra can change remarkably upon adsorption [12].

Although there are few reports on the formation and control
of J-aggregates of cyanine dyes in LB films, however, the use of
nano-clay platelets for the control of J-aggregate formation was
not reported before. Here we report the effect of the incorporation
of clay platelets, laponite, on the J-aggregation of a thiacyanine dye
N,N′-dioctadecyl thiacyanine perchlorate (NK) assembled into LB
monolayers.

Recently construction of nano structured organo-clay hybrid
materials in thin films is an important target of modern materials
research. The research has been motivated by a purpose of devel-

oping functional materials such as sensors, electrode-modifiers,
nonlinear optical devices and pyroelectric materials [13–16]. It
is possible for organo-clay hybrid films to create new function-
alized materials because they possess characteristics such as an
easily changing layer-by-layer structure or precisely controllable

dx.doi.org/10.1016/j.saa.2010.05.014
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
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lm thickness, or a variety of physical properties, which are not
resent in each of the separate components [17]. Certain physical
roperties such as second-order nonlinear optics and magnetics of
hese hybrid films only exist when a non-centrosymmetric molec-
lar alignment and/or an oriented molecular alignment in the film

s present.
In LB method the floating monolayer at the air–liquid interface is

eposited onto a solid substrate in a layer-by-layer method to make
ono- or multilayer. When any amphiphilic cations are spread onto

n aqueous dispersion of a clay mineral in a LB trough, negatively
harged clay platelets in the suspension are adsorbed electrostati-
ally onto the bottom of the floating monolayer of the cations at the
ir–clay dispersion interface [18]. The hybrid monolayer of the clay
latelets and the amphiphilic cations thus formed can be deposited
nto a solid substrate to form mono- and multilayer LB films [19].
hus the hybrid monolayers consist of one layer of inorganic clay
articles covered on one side by one layer of adsorbed amphiphilic
olecules.
Chemical structure of the cyanine dye used in the present study

s shown in the inset of Fig. 1. The main feature of the structure of the
ye is characterized by a donor and an acceptor nuclei connected
ith a central conjugated chain. This kind of structure is favourable

or the occurrence of intermolecular charge transfer, depending on
he molecular environment [20].

. Experimental
3-Octadecyl-2[3-octadecyl-2 (3H)-benzothizolidene) methyl]
enzothiazolium perchlorate or N,N′-dioctadecyl thiacyanine per-
hlorate (Hayashibara Biochemical Laboratories Inc.) was used as
eceived. Molecular structure of NK is shown in the inset of Fig. 1.

orking solution was prepared by dissolving the NK in HPLC grade

ig. 1. Surface pressure–area per molecule (�–A) isotherms for the Langmuir films
f NK at the air–water interface and at 2 ppm aqueous laponite dispersion–air inter-
ace. Inset shows the molecular structure of NK.
Acta Part A 77 (2010) 232–237 233

chloroform (Acros Organics, USA). The clay mineral used in the
present work was laponite, obtained from Laponite Inorganics, UK
and used as received. The size of the clay platelet was less than
0.05 �m and its cation exchange capacity (CEC) was 0.74 meq/g.

In order to obtain Langmuir films at the air–water interface,
45 �l of the dilute chloroform solution (10−3 M) of NK was spread
onto the LB trough (APEX-2000C, India) filled up with ultrapure mil-
lipore water (18.2 M� cm) or 2 ppm aqueous clay dispersion. The
clay dispersion was prepared in ultrapure millipore water (2 mg/L)
and stirred for 24 h by a magnetic stirrer to make uniform disper-
sion. Allowing 15 and 30 min waiting time, in case of water and
clay dispersion respectively, the barrier was compressed at the
rate of 2 × 10−3 nm2 mol−1 s−1 to record the surface pressure–area
per molecule isotherm. The surface pressure (�) versus average
area available for one molecule (A) was measured by a Wilhelmy
plate arrangement, as described elsewhere [2]. Stability tests for
the Langmuir films were done by checking the variation of area
per molecule keeping the surface pressure constant during 1 h. The
films were found to be stable and data for �–A isotherms were
acquired by a computer interfaced with the LB instrument. Each
isotherm was obtained by averaging at least five runs.

Polished smooth quartz plates and silicon substrates were used
as the solid substrates with hydrophilic surface for LB films fabrica-
tion. The substrates were dipped and raised vertically through the
floating Langmuir film with a speed of 5 mm/min at a desired fixed
surface pressure to prepare monolayer LB films. The dipping stroke
was 25 mm. The successful deposition of the film onto the quartz
substrate took place only on raising of the substrate (upstroke). The
transfer ratio was estimated by calculating the ratio of the actual
decrease in the sub phase area to the actual area on the substrate
coated by the layer and was found to be 0.98 ± 0.02.

For spectroscopic measurement UV–vis absorption spectropho-
tometer (Lamda-25, PerkinElmer) and fluorescence spectropho-
tometer (LS-55, PerkinElmer) were used. Spectra were recorded at
scan speed 120 nm/min with a resolution of 0.5 nm.

The atomic force microscopy (AFM) images of NK-laponite
hybrid monolayer films were taken in air with a commercial AFM
system Autoprobe M5 (Veeco Instr.) using silicon cantilevers with
a sharp, high apex ratio tip (UltraLeversTM, Veeco Instr.). All the
AFM images presented here were obtained in intermittent-contact
(“tapping”) mode. Typical scan areas were 2 × 2 �m2. The monolay-
ers on Si wafer substrates were used for the AFM measurements.

3. Experimental results and discussions

3.1. Monolayer at air–water interface

Fig. 1 shows the surface pressure–area per molecule (�–A)
isotherms of the monolayer films of NK at the air–water interface
in absence (dashed line) and in presence of clay particles (solid
line). Pure NK isotherm shows steep rising up to the collapse pres-
sure (�c) with an initial lift-off area of 0.84 nm2. Lift-off area is the
average area per molecule when the surface pressure just starts
rising above zero surface pressure. This is determined by using the
method described as by Ras et al. [21]. An inflection point at about
30 mN/m is observed. This may be an indication of reorientation of
NK molecules at the air–water interface at higher surface pressure.

The NK isotherm in clay dispersion shows interesting feature. It
starts rising with initial lift-off area of 1.47 nm2, which is larger
than pure NK isotherm at the air–water interface. It is worth-
while to mention in this context that the CEC of clay used in

this study is 0.74 meq/g. With a CEC of 0.74 meq/g and an esti-
mated surface area of 750–850 m2/g, the average area per negative
charge is 1.68–1.91 nm2 very close to the lift-off area 1.47 nm2 for
NK isotherm with clay. The conclusion is that every cationic dye
molecule in the monolayer neutralizes one negative charge on the
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Table 1
Monolayer characteristics taken from �–A isotherms.

Lift-off
area (nm2)

Collapse
pressure (�c)

Compressibility (C) (m/N)

1 a10−a5 1 a40−a30
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(mN/m) C1 = − a5 10−5 C2 = − a30 40−30

NK 0.84 58.4 10.8 11.4
NK–clay 1.47 49 28.1 15.2

aponite particles by an ion exchange reaction. The laponite parti-
les are fixed at the air–water interface to form a so-called hybrid
onolayer containing laponite layers and dye molecules.
Also the NK isotherm in clay dispersion shows a transition point

t about 25 mN/m surface pressure indicating a phase transition.
t lower surface pressure the molecular organization is different

han that at higher surface pressure. The most interesting point
o note is that at lower surface pressure the area per molecule
f NK on aqueous clay dispersion is much higher than that of NK
sotherm on pure water surface. Whereas at higher surface pres-
ure, opposite is the case. The most plausible explanation is that
K molecules are fixed on the clay platelets by electrostatic inter-
ction and the area per molecule depends on the organization of
he clay platelets. At lower surface pressure the clay platelets are
rranged in a regular fashion with almost no overlapping. As a result
verage molecular distance between the NK molecules are compar-
tively larger. Whereas, at higher surface pressure partial and total
verlapping of clay platelets occurs resulting in the large decrease
f NK area per molecule as evidenced from the isotherm curves at
igher surface pressure. Our AFM observations (given later) of LB
onolayer lifted at lower and higher surface pressures also con-

rm this hypothesis. Spectroscopic investigations (discussed later)
lso show that formation of J-aggregation can be controlled based
n this hypothesis.

To have more information about the monolayer at the air–water
nterface, compressibility (C), of the monolayer films was calculated
ccording to the relation;

= − 1
a1

a2 − a1

�2 − �1

here a1 and a2 are the area per molecule at surface pressures �1
nd �2, respectively [21,22]. Here two compressibilities were cal-
ulated, one below the transition point (�1 = 5 and �2 = 15 mN/m)
nd one above the transition point (�1 = 30 and �2 = 40 mN/m). It is
bserved (Table 1) that the compressibilities of pure NK monolayer
n pure water surface are 10.8 and 11.4 m/N, i.e., compressibil-
ty values at lower as well as higher surface pressures are very
lose to each other. However, the compressibility values of NK
onolayer on aqueous clay dispersion sub phase are different at

ower and higher surface pressure region. These values are 28.1
nd 15.2 m/N. This is a clear indication that on aqueous clay dis-
ersion NK molecules interact with clay platelets and as a result a
ompressible NK–clay hybrid film is formed at lower surface pres-
ure. At higher surface pressure partial and total overlapping of clay
latelets occurred resulting in the more rigid films as is evidenced
rom the low values of the compressibility.

.2. Atomic force microscopy

Fig. 2a and b shows the AFM images along with the line analysis
pectra of NK–laponite hybrid Langmuir monolayer deposited onto
mooth silicon substrate deposited at lower surface pressure of

5 mN/m and at higher surface pressure of 30 mN/m, respectively.

The clay platelets are clearly observed in both the images, which
ndicate the formation of nano-dimensional hybrid NK–clay mono-
ayer at air–clay dispersion interface. The surface coverage is more
han 80%. Also few empty spaces are observed in between the clay
Fig. 2. AFM image of NK–laponite hybrid Langmuir monolayer deposited onto
smooth silicon substrate deposited at (a) 15 mN/m (2 × 2 �m) and (b) 30 mN/m
(2 × 2 �m). Graph shows the line analysis spectrum with height profile.

platelets. From the height profile it is observed that the average
film thickness of the LB monolayer lifted at lower surface pressure

(Fig. 2a) is within 2 nm. These thicknesses are the sum of the thick-
ness of the elementary clay mineral platelet laponite (0.96–1 nm)
and the thickness of a monolayer of NK molecules. Therefore, it
is evident that a uniform NK–clay hybrid monolayer is formed at
lower surface pressure.
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ig. 3. UV–vis absorption and fluorescence spectra of NK in chloroform solution
10−6 M).

However, at higher surface pressure, the height profile analysis
f the AFM image (Fig. 2b) indicates that the average film thickness
ies between 4 and 5 nm and is a clear indication of overlapping of
lay platelets in the LB films.

.3. Spectroscopic characterizations

The normalized UV–vis absorption and steady state fluores-
ence spectra of chloroform solution of NK are shown in Fig. 3.
he NK solution absorbs light at 430 nm, which is attributed to
he monomeric form of NK. The small high energy shoulder at
10 nm is assigned as the 0 → 1 vibronic transition of the monomer
bsorption. It may also be mentioned in this context that 410 nm
bsorption band in the NK LB films has been assigned as due to H-
imer absorption [23]. However, it is most unlikely that H-dimer is
ormed at such small concentration in solution. On the other hand
he NK fluorescence spectrum possesses a broad emission band
entred at 483 nm that is assigned to the monomer emission of
K.

Fig. 4a and b shows the UV–vis absorption and steady state flu-
rescence spectra of monolayer NK LB films with and without clay
espectively, lifted at different surface pressures viz. 10, 15 and
0 mN/m.

The absorption spectra of monolayer NK LB films (without clay,
ig. 4a) possess distinct band system within 400–475 nm regions
ith prominent peaks at 410, 433 and 461 nm. These three bands

re assigned to be due to H-aggregate, monomer and J-aggregate
23]. The monomer band is slightly red shifted by 3 nm with
espect to the solution absorption spectrum. This small shift may
e explained as due to the change of microenvironment when NK

olecules go from solution to solid film. At lower surface pres-

ure the absorption is dominated by monomer. The intensities of
- and J-bands are sufficiently reduced. However with the increase

n surface pressure the intensity of J-band increases. The inten-
ity of H- and monomer band almost diminishes to weak humps
Fig. 4. (a) Absorption and fluorescence spectra of monolayer NK LB films without
clay lifted at different surface pressures viz. 10, 15 and 30 mN/m. (b) Absorption and
fluorescence spectra of monolayer NK LB films with clay lifted at different surface
pressures viz. 10, 15 and 30 mN/m.

with respect to the intensity of the J-band. The longer wavelength
J-band becomes very much prominent and extremely sharp. These
types of sharp longer wavelength bands are the characteristics of

J-aggregates [3].

The fluorescence spectra of monolayer NK LB film (without clay)
deposited at lower surface pressures posses a broad band at around
450–500 nm regions (Fig. 4a). This broad band is actually an over-
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apping of two band systems: the monomer band at around 483 nm
nd the J-band at 461 nm. For the film deposited at 15 mN/m both
hese bands are resolved to some extent. However, the LB films
eposited at higher surface pressure at 30 mN/m, shows only the
rominent sharp J-band with peak at around 463 nm. A close look at
he absorption and fluorescence spectra of NK LB monolayer lifted
t higher surface pressure reveals that both the absorption and flu-
rescence maxima of the J-band are extremely sharp and having
lmost overlapping peak positions with almost zero Stokes shift.
hese are the characteristics of J-aggregates [3].

The spectroscopic features of monolayer NK LB films with clay
Fig. 4b) are very interesting. Here the absorption spectra of LB

lms lifted at lower surface pressure possess two bands at 410 and
33 nm assigned due to the H-aggregates and monomer band. The
-band is totally absent, which is present in all cases of NK LB films
n absence of clay particles. However, at higher surface pressures

ig. 5. (a) At lower surface pressures (10 and 15 mN/m) one NK cation is adsorbed onto by e
haracterizations). (b) At higher surface pressures (30 mN/m) clay particles may overlap re
rom the spectroscopic and AFM characterizations of the NK–laponite hybrid films depo
articles may overlap resulting the NK molecules fall in between clay platelets providing
pectroscopic and AFM characterizations of the NK–laponite hybrid films deposited at hig
Acta Part A 77 (2010) 232–237

of 30 mN/m the J-band is present and it is dominant over the H-
and monomer bands. At lower surface pressures the fluorescent
spectra is dominated by monomer and at higher surface pressure
J-aggregates are dominant with the presence of strong sharp J-band
at around 461 nm.

The most plausible explanation for the absence of J-band of
NK–clay hybrid films lifted at lower surface pressure is that at lower
surface pressure, clay platelets are arranged in a regular fashion
with almost no overlapping of clay platelets. As a result the molec-
ular distance between the NK molecules adsorbed onto the clay
surface is large enough to prevent the formation of J-aggregates.

However, at higher surface pressure nano-trapping occurs due

to partial overlapping of nano-clay platelets. Consequently few
NK molecules slip into the vacant spaces of these nano-trapping,
get squeezed and form NK aggregates. This may favour the J-
aggregation in NK LB films with clay prepared at higher surface

ach negative charge of laponite (as evidenced from the isotherms and spectroscopic
sulting the close proximity of NK molecules suitable for dimerization (as evidenced
sited at higher surface pressures). (c) At higher surface pressures (30 mN/m) clay
close proximity of NK molecules suitable for dimerization (as evidenced from the
her surface pressures).
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ressures. Isotherm characteristics study and atomic force micro-
copic studies also support this thesis.

It may be mentioned in this context that in one of their
orks [24], Tkaczyk et al. demonstrated the occurrence of such
ano-trapping level resulting a competition between the carrier
ecombination diffusion and their localization on the trapping level.

.4. Schematic representation

Fig. 5a–c shows the schematic representation of the arrange-
ents of NK molecules and clay platelets in the monolayer LB

lms lifted at various surface pressures. The average diameter of
laponite particle is 25 nm. Considering the size of the laponite

s circular if the area of a laponite particle is calculated and com-
ared with the observed lift-off area of a NK molecule in NK–clay

sotherm than it is obvious that more than one NK molecules are
dsorbed on the laponite surface during charge neutralization by
lectrostatic interaction. At lower surface pressures of lifting, the
lay platelets are arranged in a regular fashion and touch each other
ith very small vacant space in between them. There is almost
o overlapping of clay platelets as shown in Fig. 5a. Adsorbed NK
olecules lie on the clay platelets. Separation distance between NK
olecules is large enough so as not to form a favourable condition

or J-aggregates.
At higher surface pressure of lifting (30 mN/m) overlapping of

lay platelets are occurred as shown in Fig. 5b. Also slipping of
K molecules in between the vacant spaces occurred as shown

n Fig. 5c. As a result NK molecules come closer and a favourable
ondition is achieved for J-aggregation to occur.

. Conclusion

In this communication we have reported the effect of the
ncorporation of nano-dimensional clay platelets, laponite, on
he J-aggregation of a thiacyanine dye N,N′-dioctadecyl thiacya-
ine perchlorate (NK) assembled into LB monolayers. Surface
ressure–molecular area (�–A) isotherms and atomic force micro-
copic studies confirm the successful incorporation of clay platelets
nto NK–clay hybrid LB monolayer films. �–A isotherm reveals
hat every cationic molecule (NK) in the Langmuir monolayer neu-
ralizes one negative charge on the laponite particles by an ion

xchange reaction. Incorporation of clay particles make the Lang-
uir films more compressible. J-aggregates of NK remain present

n LB films lifted at lower as well as higher surface pressure
n absence of laponite. However, with the incorporation of clay
latelets J-aggregates are formed only in LB films lifted at higher

[

[

[
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surface pressure of 30 mN/m and the J-aggregates of NK molecules
are totally absent in the films lifted at lower surface pressures
of 10 and 15 mN/m. This is because at higher surface pressure
nano-trapping levels are formed at the film surface due to partial
overlapping of clay platelets. Some NK molecules may slip and get
squeezed to these nano-trapping to form favourable conditions for
J-aggregates.
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