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Present communication reports the effect of amphiphilic matrices and nano-clay platelets on the aggre-
gation properties of a water soluble cationic fluorescent dye Nile Blue Chloride (NBC) in Langmuir-
Blodgett (LB) films. In-situ Brewster Angle Microscopic (BAM) studies showed distinct domain structures
of complex and hybrid Langmuir monolayer at the air-water interface. UV–vis absorption spectra showed
non-fluorescent H-dimeric band in concentrated aqueous solution of NBC and in complex LB film of NBC
with stearic acid. By changing various parameters, a great control over H-dimeric states has been
achieved in clay incorporated hybrid LB films. These films can act as efficient fluorescence probe.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Nile Blue Chloride (NBC) belongs to the cationic oxazine class of
dyes, with planar molecular structure and has potential chemical
and biological applications [1,2] including detection of biochemical
molecules and as biological stainer [3] They are also promising
materials for various optical and photonic devices [4,5,6].

Oxazine derivatives have been shown to be potentially effective
photosensitizers for photodynamic therapy (PDT) of malignant
tumors [7,8,9,10]. NBC is one of the mostly studied Oxazine dyes
as a potent PDT agent [11,12,13]. It shows promising applications
for cancer treatment and tumor diagnosis owing to its low toxicity
and absorption of light in the 600–650 nm range, which is an
important therapeutic window in PDT [11,12]. Being cationic in
nature, it shows high binding affinity towards DNAs, which are
the important target biomolecules in cancerous cells. NBC is taken
up more efficiently by tumor cells than normal tissue and retards
the tumor growth [13,14].

UV–vis absorption spectrum of NBC in dilute aqueous solution
shows intense monomeric band with peak at 635 nm [15]. With
increasing dye concentration in the aqueous solution, a new high
energy H-dimeric band is developed [16]. The tendency of oxazine
dyes to form H-dimer via hydrophobic bonding in concentrated
aqueous solutions is a well-known phenomenon [17]. Being
non-fluorescent, H-dimeric states decrease the fluorescence inten-
sity and thus affecting its efficiency as biological fluorescence
stainer.

Several works reported that water soluble ionic molecules could
be electrostatically adsorbed onto oppositely charged preformed
Langmuir monolayer, thus forming a complex Langmuir monolayer
at the air-water interface of the Langmuir Trough [18–21]. Cationic
NBC being water soluble, can be adsorbed from the aqueous solu-
tion of the Langmuir Trough onto a preformed anionic Langmuir
monolayer and consequently forms a complex Langmuir mono-
layer. In some cases inorganic nano-particles [22] can be incorpo-
rated into the Langmuir monolayer thus forming a hybrid film. A
complex/hybrid Langmuir monolayer thus formed at the air-
water interface can be transferred onto solid substrates to form
mono- and multi-layered Langmuir-Blodgett (LB) films
[23,24,25]. Depending on the various film forming parameters
and molecular organizations in the LB films, various kinds of dye
aggregates become possible.

Formation of aggregates modifies the photophysical properties
of the dyes. It causes either a blue shift or a red shift in the absorp-
tion band of the aggregates [26]. For a J-type aggregate (side by
side arrangement of molecules), the absorption band is red-
shifted relative to the monomer while a blue shifted absorption
band is observed for H-aggregate (face to face arrangement of
molecules) which reduces the fluorescence intensity [27–29].
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In the present communication organo-clay hybrid films were
prepared by allowing the water soluble cationic NBC molecules
to be adsorbed onto the anionic nano-clay platelets Laponite
dispersed in the aqueous subphase of the Langmuir Trough. Subse-
quently the NBC tagged nano-clay platelets were further adsorbed
onto the preformed cationic Langmuir monolayer of octadecy-
lamine (ODA). Thus ODA-clay-NBC hybrid Langmuir monolayer
was formed at the air-water interface of the Langmuir Trough. By
changing various film forming parameters, an effort was given to
reduce the H-dimeric states in the LB films in order to obtain
increased fluorescence intensity. A comparison of the organo-clay
hybrid film was made with the complex LB film of NBC and Stearic
acid (SA).
Fig. 1. Surface pressure vs. area per molecule (p–A) isotherms of (I) pure SA
monolayer (II) SA-NBC complex monolayer.
2. Experimental

2.1. Chemicals

Nile Blue Chloride (NBC) (purity 85%), Stearic acid (SA) and
Octadecylamine (ODA) purity > 99% were purchased from Sigma-
Aldrich Chemical Co. and used as received. Solvent chloroform
(SLR, India) was of spectroscopic grade and its purity was checked
by fluorescence spectroscopy before use. The clay mineral Laponite
used in this study was obtained from the source clays repository of
the clay minerals society. Catonic exchange capacity (CEC) of Lapo-
nite is 0.74 meq/gm.

2.2. Instruments

Surface pressure vs. area per molecule (p-A) isotherm measure-
ments of complex/hybrid Langmuir monolayers and preparation of
mono- and multi-layered LB Films were done by a commercially
available Langmuir-Blodgett film deposition instrument (Apex-
2000C, Apex Instruments Co., India). In-situ Brewster Angle Micro-
scopic (BAM) images of complex/hybrid monolayer films at the air-
water interface were taken by a commercially available in-situ
BAM (Accurion, nanofilm_EP4) attached to a KSV NIMA
Langmuir-Blodgett instrument. Ultra-pure Milli-Q (18.2 MX-cm)
water was used for the preparation of pure aqueous subphase
and Laponite dispersed aqueous subphase of the Langmuir trough
and also for the preparation of aqueous solution of NBC. Aqueous
clay dispersion was prepared at various clay concentrations rang-
ing from 10 to 80 ppm and stirred for 24 h and then sonicated
for 30 min prior to use. UV–vis absorption and fluorescence spectra
were recorded by UV–vis absorption spectrophotometer (Lambda
25, Perkin-Elmer) and Fluorescence spectrophotometer (LS-55,
Perkin-Elmer) respectively. For spectroscopic characterizations,
LB films were prepared on thoroughly cleaned quartz substrates.

2.3. Methods

Stock solutions of SA (0.5 mg/ml) and ODA (1 mg/ml) were pre-
pared using spectroscopic grade chloroform. Stock solution of NBC
was prepared by dissolving it into ultra-pure Milli-Q water (1.0 �
10�4 M). In order to measure the p - A isotherm of pure SA mono-
layer, 60 ml of chloroform solution of SA was spread on the aqueous
subphase of the Langmuir Trough by using a micro-syringe. After
complete evaporation of the volatile solvent, the barrier of the
Langmuir Trough was compressed slowly to record the isotherm.
In case of SA-NBC complex monolayer, 2000 ll NBC (1.0 � 10�4

M) aqueous solution was mixed with the aqueous subphase and
then 60 ll of SA solution was spread at the air-water interface of
the Langmuir Trough. After waiting for 1 h to complete the reac-
tion, the monolayer was compressed slowly to obtain p-A iso-
therm. Here cationic NBC molecules interacted electrostatically
with the anionic SA molecules and formed SA-NBC complex Lang-
muir monolayer at the air-water interface. The complex monolayer
was also transferred onto solid substrates at different surface pres-
sures (10, 15 and 20 mN/m) to form mono- and multi-layered LB
films.

To study the effect of nano clay platelets in the LB films of NBC,
2000 ll of NBC (1.0 � 10�4 M) aqueous solution was mixed with
the aqueous clay dispersion (at different concentrations namely
10–80 ppm) in the Langmuir Trough. Here cationic NBC molecules
interacted electrostatically with anionic nano clay platelets and got
adsorbed onto the nano clay platelets and formed Clay-NBC hybrid
molecules in the aqueous subphase of the Langmuir Trough. After
spreading ODA molecules at the air-water interface of the Lang-
muir Trough, NBC tagged nano clay platelets were further adsorbed
onto the preformed cationic ODA monolayer and thus ODA-Clay-
NBC hybrid monolayer was formed at the air-water interface. After
waiting for sufficient time (1 h) to complete the reaction, the
hybrid monolayer was compressed slowly to obtain p-A isotherm
and also transferred onto solid substrates at a desired surface pres-
sure to form mono- and multi- layered LB films.

For recording the BAM images of complex/hybrid Langmuir
monolayer, same procedure was followed to form SA-NBC complex
and ODA-Clay-NBC hybrid Langmuir monolayer. After waiting suf-
ficient time when some domain structures were observed at the
air-water interface then the barrier was compressed slowly and
BAM images were taken.
3. Results and discussion

3.1. Molecular structures of SA and NBC and formation of complex
molecules

Molecular structures of stearic acid (SA) and NBC are shown in
the inset of Fig. 1. One cationic charge is associated with N+ ions of
NBC. SA-NBC complex molecule was formed when anionic head
group of SA molecule was attached electrostatically to the N+

cation of the NBC molecule. When a Langmuir monolayer of SA
was prepared at the air-water interface, then from the aqueous
subphase of the Langmuir Trough NBC molecules were adsorbed
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electrostatically onto the preformed SA monolayer at the air-water
interface. Gradually the preformed SA monolayer was replaced by
the complex SA-NBC monolayer at the air-water interface with the
progress of reaction.

Being water soluble, NBC molecules were lying in the aqueous
subphase and did not occupy any area at the air-water interface
of the Langmuir Trough before starting the reaction. Thus at the
beginning, total area at the air water interface of the Langmuir
Trough was occupied solely by the SA monolayer. With the pro-
gress of reaction SA-NBC complex molecules were formed, which
were insoluble to water and thus started occupying the area at
the air-water interface. Hence pure SA monolayer was gradually
replaced by the SA-NBC complex monolayer at the air-water inter-
face. The area per molecule of the complex monolayer was greater
than the pure SA monolayer. This was manifested in the surface
pressure versus area per molecule (p-A) isotherm characteristic
studies of the Langmuir monolayer at the air-water interface.

This has been discussed in the next section of the isotherm
study of the complex monolayer at the air-water interface

3.2. Isotherm characteristic studies of pure SA and SA-NBC complex
Langmuir monolayer at the air–water interface

Fig. 1 shows the p-A isotherms characteristic studies of the
Langmuir monolayer of pure SA (graph-I) and SA-NBC complex
Langmuir monolayer (graph-II) at the air-water interface. The p-
A isotherm of pure SA monolayer showed a rise of surface pressure
with decreasing area per molecule and has the characteristic kink
at 25 mN/m known as lateral transition pressure for long-chain
fatty acids. The lift-off area for pure SA monolayer was found to
be 0.27 nm2 which was determined by the method described by
Ras et. al. [30]. The molecular areas of 0.23 nm2 and 0.21 nm2 at
a 

c

20 µm 

20 µm 

Fig. 2. In-situ Brewster Angle Microscope (BAM) images of SA-NBC complex Langmuir mo
mN/m (d) 20 mN/m. Scale bar represents 20 mm.
surface pressures 15 mN/m and 25 mN/m respectively of SA iso-
therm were in good agreement with the reported results [31].
The p-A isotherm of SA-NBC complex Langmuir monolayer showed
a larger lift off area of 0.43 nm2 than that of pure SA monolayer,
which was the clear evidence of the formation of SA-NBC complex
monolayer at the air-water interface. It may be mention in this
context that lift of area of 0.43 nm2 was less than the molecular
area of NBC under flat surface conformation (0.50 nm2). Thus it
became evident that NBC molecules formed tilted orientation in
the SA-NBC complex monolayer at the air-water interface. At about
26 mN/m surface pressure, there was a phase transition which
might be due to the further tilted orientation of the complex mole-
cules at the air-water interface. This orientation might lead to a
more compact molecular organization in the monolayer.

These types of tilted organization might lead to the formation of
large number of aggregated species as discussed schematically in
later section. UV–vis absorption studies discussed in the later sec-
tion also confirmed this.

3.3. In-situ brewster angle microscopy (BAM) images of SA-NBC
complex monolayer at the air-water interface

The microstructure of the complex monolayer at the air-water
interface can be directly visualized by in-situ BAM images.
Domains of different sizes and shapes in the BAM images of Lang-
muir monolayer indicate phase transition and formation of micro-
domains [32,33,34]. In the present investigation in-situ BAM
images of SA-NBC complex Langmuir monolayer were taken at dif-
ferent surface pressures namely (a) 5 mN/m, (b) 10 mN/m, (c) 15
mN/m and (d) 20 mN/m as shown in Fig. 2.

Image (a) of Fig. 2 shows the monolayer film containing large
number. of big circular holes ranging from 5 lm to 15 lm: These
b

d 

20 µm 

20 µm 

nolayer taken at different surface pressures namely (a) 5 mN/m (b) 10 mN/m (c) 15
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dark holes represented the absence of film and showed only the
aqueous surface. The white illuminated region covering the circu-
lar holes represented the complex film. From these BAM image it
became evident that the film behaved as a stretched membrane
with a large number of circular holes in it. This was an indication
of predominance of repulsive interaction among the constituent
molecules in the monolayer. The large area per molecule at low
surface pressure as observed from the p-A isotherm studies also
indicated the gaseous phase at such small surface pressure. At gas-
eous phase, molecules in the Langmuir monolayer tried to move
away from each other resulting in the formation of large circular
holes in the monolayer Langmuir film. With increasing surface
pressure the large dimensional circular voids reduced to small
voids as shown in the images (b) and (c) and at 20 mN/m surface
pressure, a uniform monolayer surface was observed with the
presence of very little small dimensional circular voids. It indicated
a uniform film structure. Thus BAM images gave visual evidence of
different phases of the complex Langmuir monolayer as observed
from the isotherm studies.
3.4. UV–vis absorption and fluorescence spectroscopic studies of NBC
in aqueous solution and in Langmuir–Blodgett (LB) film

Fig. 3(a) shows the normalized UV–vis absorption spectra of
NBC in aqueous solution at different concentrations namely (i)
1.0 � 10�6 M (ii) 1.0 � 10�5 M and (iii) 1.0 � 10�4 M along with
(iv) SA-NBC complex monolayer LB film. At 10�6 M concentration,
the absorption spectrum showed an intense monomeric band with
peak at 635 nm and a weak hump of H-dimeric band at 595 nm.
These were in agreement with the reported result [15,35]. The
635 nm band is due to p-p⁄ transition of the monomer oxazine
[35,36]. With increasing solution concentration, namely 10�5 M
and 10�4 M, intensity of H-dimeric band increased with respect
Fig. 3. [a] Normalized UV–vis absorption spectra of NBC in aqueous solution at different
complex LB film of NBC-SA. Right Inset shows deconvolution spectra of normalized UV–
deconvolution spectra of normalized UV–vis absorption spectra of NBC in monolayer com
of NBC in aqueous solution at different concentrations namely (i) 10�6 M (ii) 10�5 M an
to monomeric band as shown in graph (ii) and (iii). In monolayer
complex LB film, H-dimeric band became highly intense and fur-
ther blue shifted to 586 nm (graph (iv)). This was due to the forma-
tion higher order aggregates in the LB films.

It may be mentioned here that aggregation of molecules modi-
fies the absorption characteristics resulting in spectral shifts and
band splitting. This phenomenon can be explained using the
molecular exciton theory developed by Kasha et. al. [37].

Two geometrical structures are accepted in ideal case: (i) Per-
fect sandwiched structure (H-dimer) in which the dipole moments
of the monomeric units are aligned and in parallel planes with
h ¼ 90

�
and a ¼ 0

�
where h is the angle between the direction of

the dipole moments of the participating chromophores and the line
connecting the molecular centers, a is the angle between the
transition moments of the monomers in the dimer and sandwiched
structure in which the participating chromophores are in parallel
planes as shown in Fig. 4. Such aggregation forms non-
fluorescent H-dimers. (ii) In-Line Head-to-Tail or side by side
structure (J-aggregate) in which the dipole moments are coplanar
and in-line h = 0� and a = 90� and gives intense fluorescence band.

Other than the above two extreme cases, in general dye chro-
mophores can arrange themselves with intermediate values of h
and a. Such structures would present an absorption spectrum with
both H- and J-bands, called twisted structures. For structures with
h < 54.7�, J aggregate becomes prominent which enhances the flu-
orescence intensity of the chromophore, on the other hand, for h >
54.7� H dimer becomes prominent with diminished fluorescence
intensity. The angle a [37,38,39] can be calculated from the follow-
ing relation:

tan2ða=2Þ ¼ A1=A2

where A1 and A2 are the areas of the Gaussian bands of the absorp-
tion spectrum corresponding to the longer and shorter wavelengths.
concentrations namely (i) 10�6 M, (ii) 10�5 M, (iii) 10�4 M along with (iv) monolayer
vis absorption spectra of NBC aqueous solution. Left inset shows the corresponding
plex LB film of NBC-SA lifted at 20 mN/m surface pressure; [b] Fluorescence spectra
d (iii) 10�4 M.



Fig. 4. [a] Schematic representation for the condition of formation of ideal H- and J- aggregates, [b] Schematic representation for H-aggregates and monomeric organizations
of NBC onto clay surface.
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In the present case of H-dimer A1 is the area of the monomeric band
and A2 is the area of the H- band.

After calculating the value of a, value of h was calculated using
the equation a + 2h = 180� (from Schematic of Fig. 4(a)). In Fig. 3(a)
left inset shows the Gaussian deconvolution of UV–Vis absorption
spectrum of NBC in LB film and right inset in aqueous solution at
10�4 M concentration. Gaussian deconvolution showed H-dimeric
and monomeric bands at positions 586 nm and 635 nm in LB film
and 595 nm and 635 nm in aqueous solution. From the deconvo-
luted spectra the angle h = 71.5� in solution and 73.5� in LB film
were calculated. These two calculated values of h satisfied the con-
ditions for H- band (h > 54.7�).

Therefore it may be concluded that the high energy band in the
UV–vis absorption spectra originated due to H-aggregation result-
ing in the formation of H-dimeric band. The presence of non-
fluorescent H- dimeric band drastically reduced the fluorescence
intensity. Fig. 3(b) shows the fluorescence spectra corresponding
to different concentrations of NBC in aqueous solution. At lower
concentration of 10�6 M, the solution fluorescence spectrum
showed intense featureless fluorescence band with peak at 672
nm. Due to the presence of non-fluorescent H-dimeric species in
aqueous solution of NBC at higher concentration (1.0 � 10�5 M,
1.0 � 10�4 M), the fluorescence intensity drastically reduced. In
monolayer complex LB film, due to the abundance of H-dimeric
states, fluorescence intensity was reduced to background level
and not shown here.

3.5. Effect of nano clay platelets laponite on the aggregation behaviour
of NBC in aqueous solution

Cationic NBC molecules were adsorbed electrostatically on the
surface of the anionic nano clay platelets Laponite. Laponite has a
plate like structure with a large surface charge density [40]. Con-
centration of Laponite in the aqueous dispersion affected the
aggregation behaviour of NBC molecules in the aqueous solution
as well as in the LB film.
Fig. 5(a) shows the normalized UV–vis absorption spectra of
NBC in aqueous clay dispersion having clay concentrations varying
from 10 to 80 ppm along with pure aqueous solution. At lower clay
concentration of 10 ppm, monomeric peak was reduced to a weak
shoulder and an intense blue shifted high energy band with peak at
560 nm was observed. When the clay concentration became 40
ppm, along with 560 nm band, a weak longer wavelength broad
band with peak at 640 nm was observed. At 80 ppm clay concen-
tration, intense 640 nm peak was observed along with a weak
shoulder at 560 nm. This blue shifted band was due to dimer and
higher order aggregated species. As NBC molecules were adsorbed
onto clay platelets by electrostatic interactions, large number of
NBC molecules could be adsorbed onto a single clay platelets when
the number of clay platelets was small (say at 10 ppm) in the aque-
ous dispersion. At 80 ppm clay concentration, due to the presence
of large number of clay platelets in the aqueous dispersion, rela-
tively smaller number of NBC molecules was adsorbed onto a sin-
gle clay platelet. This resulted in the less likely possibilities of the
formation of aggregated species of NBC molecules on the clay pla-
telets at higher clay concentration. Thus at higher clay concentra-
tion (80 ppm) monomeric band became intense. This thesis could
be explained on the basis of a schematic as shown in the Fig. 4
(b). In H- aggregated species, parallel stacking of molecules
occurred and thus large number of molecules could be accommo-
dated onto a single clay platelet. Whereas at higher clay concentra-
tion fewer number of molecules could be accommodated onto a
single clay platelet. Thus availability of large number of clay plate-
lets led to control the aggregation of NBC molecules.

Inset of Fig. 5(a) shows the Gaussian deconvolution of UV–Vis
absorption spectrum of NBC in aqueous clay dispersion having clay
concentrations 40 ppm. Gaussian deconvolution showed H-
dimeric and monomeric bands at positions 560 nm and 640 nm.

Fig. 5(b) shows the fluorescence spectra of the NBC in aqueous
clay dispersion having clay concentrations varying from 10 to 80
ppm. At lower clay concentration (10 ppm) in the aqueous disper-
sion non-fluorescent H-dimeric states became predominant result-



Fig. 5. [a] Normalized UV–vis absorption spectra of aqueous solution of NBC [10�4 M] at different ppm clay concentrations (10–80 ppm) along with pure NBC aqueous
solution [10�4 M]. Inset shows deconvolution spectra of normalized UV–vis absorption spectra of aqueous solution of NBC at 40 ppm clay concentration. [b] Fluorescence
spectra of NBC in aqueous clay dispersion at different ppm clay concentrations (10–80 ppm).

Fig. 6. Surface pressure vs. area per molecule (p–A) isotherms of (i) pure ODA
monolayer, (ii) - (iv) ODA-Clay-NBC hybrid monolayer at different ppm clay
concentrations namely 10, 40 and 80 ppm in the aqueous subphase of Langmuir
trough.
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ing in the quenching of fluorescence intensity. At higher clay con-
centration (80 ppm), number of dimeric states was reduced result-
ing in an increase in fluorescence intensity.

3.6. ODA-Clay-NBC hybrid monolayer preparation and isotherm
characteristics

Anionic nano clay platelets Laponite has great influence on the
organization of NBC molecules at the air-water interface and in LB
films. For the preparation of clay incorporated hybrid Langmuir
monolayer of NBC, cationic amphiphile Octadecyleamine (ODA)
was chosen for the preparation of template Langmuir monolayer.
Being cationic, NBC would not get adsorbed by electrostatic inter-
action from the aqueous subphase of the Langmuir trough to the
preformed cationic ODA monolayer at the air-water interface of
the Langmuir trough.

Anionic nano clay platelets Laponite acted as mediator to
adsorb NBC molecules onto the template ODA monolayer. 2000
ll aqueous solution of NBC (1.0 � 10�4 M concentration) was
mixed with aqueous clay dispersion (at different ppm concentra-
tion) in the Langmuir trough. Cationic NBC molecules were electro-
statically adsorbed on the surface of the anionic nano clay
platelets. Thus NBC tagged clay hybrid molecules were formed in
the aqueous subphase. Subsequently NBC-Clay hybrid molecules
were further adsorbed onto the preformed cationic ODA mono-
layer. In this process ODA-Clay-NBC hybrid Langmuir monolayer
was formed at the air-water interface. Thus with the progress of
reaction pure ODA monolayer at the air-water interface was grad-
ually replaced by ODA-Clay-NBC hybrid Langmuir monolayer. The
area per molecule of this hybrid monolayer was greater than that
of pure ODA monolayer. This is evidenced from the surface pres-
sure vs. area per molecule isotherm characteristic studies.

Fig. 6. shows the isotherms of (i) pure ODA monolayer, (ii)–(iv)
ODA-Clay-NBC hybrid monolayer at different ppm clay concentra-
tions namely 10 ppm, 40 ppm and 80 ppm in the aqueous sub-
phase of the Langmuir trough.

Pure ODA isotherm showed a steep rise indicating a highly con-
densed and low compressible nature of ODA monolayer as
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reported elsewhere [41]. The isotherms of all the hybrid monolay-
ers have greater lift of areas. Lift of area increased with increasing
clay concentration in the aqueous subphase. At 80 ppm clay con-
centration lift of area became maximum.

It may be mentioned in the context that being water soluble,
NBC-Clay hybrid molecules did not have any contribution to the
area per molecule. The area per molecule of the hybrid monolayer
actually showed the effective area surrounding one ODA molecule
which was tagged on the anionic site of the clay platelet. Due to the
availability of large number of nano clay platelets tagged NBC
molecules at higher ppm clay concentration, fewer number of
ODA molecules would get tagged onto a single clay platelet. Thus
effective area per ODA molecule increased sufficiently.

Another point to be noted is that the isotherms of all hybrid
monolayer crossed the pure ODAmonolayer at higher surface pres-
sures. With increasing clay ppm concentrations the isotherm
crossed the ODA monolayer at relatively lower surface pressure.
Steep isotherm of pure ODAmonolayer indicated a rigid monolayer
structure where the ODA molecule came sufficiently closer to each
other. When the isotherm of hybrid monolayer containing ODA
molecules crossed the ODA isotherm, then large number of
domains of nano to micro crystalline molecular aggregates were
formed at the air-water interface. BAM images discussed in the
next section focussed on this thesis.

3.7. In-situ brewster angle microscopic (BAM) images of ODA-Clay-
NBC hybrid Langmuir monolayer at the air-water interface

BAM images of the ODA-Clay-NBC hybrid Langmuir monolayer
were taken at different surface pressures and prepared at 80 ppm
clay concentration in the aqueous subphase of the Langmuir
Trough. BAM images of the hybrid Langmuir monolayer at the
a 

c 

20 µm 

20 µm 

Fig. 7. In-situ Brewster Angle Microscope (BAM) images of ODA-Clay-NBC hybrid Langm
(c) 15 mN/m (d) 20 mN/m having clay concentration 80 ppm in all the cases. Scale bar
air-water interface at different surface pressures namely (a) 5
mN/m, (b) 10 mN/m, (c) 15 mN/m and (d) 20 mN/m are shown
in Fig. 7.

In the BAM images of ODA-Clay-NBC hybrid Langmuir mono-
layer, distinct hexagonal shaped larger domains were observed at
5 mN/m surface pressure. With increasing surface pressure the
domains became smaller. At higher surface pressures of 15 mN/
m and 20 mN/m large numbers of smaller domains with compact
organization were observed. From the distinct dissimilarities of
the BAM images, recorded before and after inclusion of clay plate-
lets, it became evident that inclusion of nano-clay platelets
affected the molecular organizations in the Langmuir monolayer
at the air-water interface. Laponite has plate like structure having
dimensions varying from 50 nm to 100 nm. However the domains
observed in the BAM images have several micrometer dimensions.
Therefore it became evident that several ODA-Clay-NBC hybrid
molecules aggregated to form microcrystalline domains. The nat-
ure of the aggregated species could not be ascertained from the
BAM images however UV–vis absorption and Fluorescence spec-
troscopic studies discussed in the next section clearly showed
the nature of the aggregated species.

3.8. Effect of nano clay platelets on the organization of NBC molecules
in the hybrid LB films

Fig. 8(a) shows the normalized UV–vis absorption spectra of the
ODA-Clay-NBC hybrid monolayer LB films prepared at various clay
concentrations (10–80 ppm) in the aqueous subphase of the Lang-
muir Trough. UV–vis absorption spectrum of monolayer LB films
prepared at 10 ppm clay concentration showed a broad higher
energy H-dimeric band with peak at 578 nm and a weak shoulder
at 630 nm due to monomeric species. With increasing clay concen-
b 
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20 µm 

20 µm 

uir monolayer taken at different surface pressures namely (a) 5 mN/m (b) 10 mN/m
represents 20 mm.



Fig. 8. [a] UV–vis absorption spectra of ODA-Clay-NBC hybrid monolayer LB films lifted at different ppm clay concentrations (10–80 ppm). Inset shows deconvoluted spectra
of UV–vis absorption spectrum of ODA-Clay-NBC hybrid LB films lifted at 40 ppm clay concentration; [b] Fluorescence spectra of ODA-Clay-NBC monolayer LB films lifted at
different ppm clay concentrations (10–80 ppm).

Fig. 9. UV–vis absorption spectra of different layered ODA-Clay-NBC hybrid LB films lifted at [a] 10 ppm clay concentration; [b] 80 ppm clay concentration. Insets show the
corresponding fluorescence spectra of the same layered hybrid LB films.

C. Debnath et al. / Chemical Physics Letters 691 (2018) 298–306 305
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tration, monomeric band at 630 nm became intense. At 80 ppm
clay concentration the broad H- dimeric band at 578 nm in the
hybrid monolayer LB film reduced to shoulder while the mono-
meric band at 630 nm became intense. Both the cases have been
explained schematically in the Fig. 4(b) and discussed before. Inset
of Fig. 8(a) shows the deconvoluated spectra of the UV–vis absorp-
tion spectrum of monolayer LB film prepared at 50 ppm clay con-
centrations in the Langmuir Trough. Both H-dimeric band and
monomeric band was present in the deconvoluated spectra.

Fig. 8(b) shows the fluorescence spectra of the corresponding
monolayer hybrid LB films prepared at 10–80 ppm clay concentra-
tions in the aqueous subphase of the Langmuir Trough. Due to the
presence of non-fluorescent H-dimeric species in the LB film at
lower ppm clay concentration, the fluorescence intensity became
weak. With increasing clay concentration the fluorescence spectra
of monolayer LB films showed intense fluorescence band. Thus it
may be concluded that at higher clay concentrations due to the
abundance of clay platelets fewer NBC molecules got adsorbed
onto single clay platelets. This might result in the increase of
monomeric states and a decrease of non-fluorescent H-dimeric
states.

Fig. 9(a) and (b) show the UV–vis absorption spectra of differ-
ent layered (1–11 layer) ODA-Clay-NBC hybrid LB films prepared
at 10 ppm and 80 ppm clay concentrations respectively. At 10
ppm clay concentration, with increasing layer number the H-
dimeric band at 578 nm became intense (Fig. 9(a)). At higher
layer number it became more intense compared to the monolayer
film. In this case no fluorescence spectra were observed due to
the presence of prominent non-fluorescent H-dimeric species. At
80 ppm clay concentration, it was observed from Fig. 9(b) that
monolayer hybrid LB film showed prominent monomeric band
but with increasing layer number H-dimeric band increased in
intensity. The corresponding fluorescence spectra (inset of Fig. 9
(b)) showed a decrease in fluorescence intensity with increasing
layer number. Thus it may be concluded that in case of multi-
layered film, inter–layer interaction played a vital role in control-
ling the aggregated states in LB film, both at lower and higher
clay concentrations.
4. Conclusions

In conclusion our results showed that amphiphilic matrix and
nano-clay platelets affected the formation of aggregated species
of NBC molecules in the complex / hybrid LB films. SA-NBC com-
plex LB film showed intense H-dimeric band in the UV–vis absorp-
tion spectrum. It confirmed the presence of large number of H-
dimeric species in the SA-NBC complex LB films. On the other hand,
incorporation of nano-clay platelets in the hybrid LB films of NBC
sufficiently controlled the aggregation of NBC molecules. At lower
clay concentration, NBC molecules formed H-aggregated pattern in
the hybrid LB films. At higher clay concentration H-aggregated
states were sufficiently controlled and monomeric states became
predominant in the LB film and showed intense fluorescence band
unlike that of the LB film fabricated at lower clay concentration.
Thus clay incorporated hybrid LB films of NBC can act as efficient
fluorescence probe.
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