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A B S T R A C T

We have investigated the stability of Second Harmonic Generation (SHG) active J-aggregate of a thiacyanine dye
N, N′-dioctadecylthiacyanine perchlorate (TC18) in Langmuir-Blodgett (LB) films in presence and absence of a
synthetic clay mineral Laponite. Surface pressure vs area per molecule isotherm was taken to observe the
monolayer stability and UV–vis absorption, deconvolution of the absorption spectra, Atomic Force Microscopy
(AFM), X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR) etc. have been employed to
investigate the stability. It has been observed that pure TC18 J-aggregates degrades with irradiation of light,
passage of time as well as post heat treatment of the TC18 J-aggregated LB films. However, in case of TC18 –
Laponite hybrid films the decrease in J-aggregate is minimal. Interestingly, it was observed that the relative
humidity plays a major role in the reconstruction of the J-aggregate in the treated film and thereby stabilizes the
J-aggregate. Both pure TC18 and TC18 – Laponite hybrid LB monolayer films are found to be SHG active. In case
of TC18 – Laponite hybrid film SHG signal shows better stability.

1. Introduction

Organic dye has a special property of self association or self as-
sembling, which lead them to form different types of technology
friendly aggregates in solution as well as in ultrathin films (Burdett,
1993; Chibisov et al., 2004; Miljanic et al., 2002). Depending on the
orientation of the dye molecules in the aggregates, there exists different
kinds of aggregating species viz. H-aggregates, J-aggregates, excimer
etc. The extent of aggregation may strongly be influenced by various
parameters like dye concentration, structure, ionic strengths, humidity,
temperature and presence of organic solvents etc. (Burdett, 1993).
Varying these parameters, orientational or conformational change of
molecules can be obtained, which leads to the formation of various
types of aggregates. Dye aggregates are often found to play an im-
portant role in fundamental science as well as technological applica-
tions such as optical memory, organic solar cells, sensors and nonlinear
optical device applications etc. (Borsenberger and Weiss, 1993; Herrera
et al., 2014; Mizuno et al., 2016; Walker et al., 2011). Surface driven
migratory behaviour of aggregates leads to the coordinated movement

within the aggregate (Ogawa et al., 2016).
Depending on the molecular orientation or arrangement in the ag-

gregate, different types of aggregated species were found to form in
ultrathin films. Highly ordered molecular head to tail arrangement of
transition dipole moments results in the appearance of narrow ab-
sorption band, shifted towards longer wavelength region and with al-
most zero stokes shift; these are J-aggregates. Non-covalently coupled
molecules or dye molecules such as cyanine, porphyrines, squaranine
etc. form well - ordered nano-scale J-aggregates (El-Hachemi et al.,
2013; Li et al., 2015; Völker et al., 2014). Exciton delocalization length
of J-aggregate governed its spectral features, which is usually up to tens
monomers, rather than its physical size (Völker et al., 2014). Due to
excitonic nature of electronic excitations, J-aggregates reveal a number
of unique spectral properties such as narrow sharp bands, large ex-
tinction coefficients, very large scale second and third-order optical
nonlinearities up to 10−5 esu and so on (Kobayashi, 1996). Such optical
properties make the J-aggregates a very promising candidate for many
technological applications, for e.g. spectral sensitization in photovoltaic
cells, optical waveguide, nonlinear optical devices, luminescent, optical
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switch, probes in biology and medicine and so on (Borsenberger and
Weiss, 1993; El-Hachemi et al., 2013; Herrera et al., 2014; Imae, 2007;
Kobayashi, 1996; Kuroda et al., 2002; Li et al., 2015; Mizuno et al.,
2016; Völker et al., 2014; Walker et al., 2011).

Cyanines and their derivatives are probably the best known self
associating dyes and have attracted considerable interest as building
blocks for the construction of new functional nanoscale aggregates for
electronics and optoelectronics (Calzolari et al., 2009). In addition to
this, Langmuir-Blodgett (LB) technique is one of the best techniques for
preparation of such aggregate in ultrathin films (Chakraborty et al.,
2013; Hussain and Bhattacharjee, 2009; Kawasaki et al., 2014; Mobius,
1995). The most important advantage of this technique is that one can
easily control the organization, orientation and hence the properties of
molecules as a function of molar composition, temperature, humidity,
surface pressure, layer thickness etc. (Bhattacharjee et al., 2010;
Chakraborty et al., 2013; Debnath et al., 2015; Hussain and
Bhattacharjee, 2009; Hussain et al., 2011; Kobayashi, 1996; Kawasaki
et al., 2014; Mobius, 1995).

Aggregating behaviors of different cyanine and thiacyanine mole-
cules assembled onto LB films have already been studied in our la-
boratory (Bhattacharjee et al., 2010; Chakraborty et al., 2015; Debnath
et al., 2015; Hussain and Schoonheydt, 2010; Hussain et al., 2011). It
has been observed that thiacyanine J-aggregate in LB films can be
controlled by incorporating clay mineral nanolayers (Bhattacharjee
et al., 2010), irradiation of UV-light decays J-aggregate to H-aggregate
and monomers (Hussain et al., 2011), SHG active J-aggregate of a
thiacyanine dye in LB film has also been studied (Chakraborty et al.,
2015). It has been observed that the stability of J-aggregate increases in
presence of clay mineral nanolayers (Chakraborty et al., 2015). Re-
versible transitions between two different kinds of aggregates i.e. J-
aggregate and excimer were observed in LB films (Debnath et al.,
2015). Different types of J-aggregate/H-aggregates adsorbed on single
silver nano aggregates were extensively studied (Kitahama et al., 2010).
Clay minerals are natural nano particles with large surface area, layered
structure and cation exchange capacity (Schoonheydt, 2002, 2016).
Accordingly, clay materials are considered as ideal host materials for
charged as well as neutral organic materials (Ras et al., 2007). Marked
changes of spectral properties along with change in functionality were
observed when dye molecules were adsorbed on to clay layers (Boháč
et al., 2016; Bujdak and Iyi, 2008; Sas et al., 2015; Schoonheydt, 2014).

Organic dye J-aggregates are generally found to degrade with the
passage of time (Debnath et al., 2016; Tani et al., 2008). However, it is
very important to curb this degradation or to find a suitable technique
such that the faded J-aggregate may be retraced back. It is extremely
important as the J-aggregated films may be used in practical purposes
for long time.

In one of our earlier reports, we have demonstrated the dependence
of subphase temperature and concentration of a thiacyanine J-ag-
gregate in LB films (Chakraborty et al., 2015). Here we are interested to
study the stability of TC18 J-aggregate in LB films. Conventional LB
films are mechanically unstable as the molecules in this type of films are
held together by the van der Waals force. So, in the quest of greater
stability, we have prepared TC18 J-aggregates in presence of Laponite
in LB films. In the organo-clay hybrid film, greater stability is expected
due to the presence of electro-static force between TC18 and Laponite.
In this present work, we have presented results of our investigations on
the effect of irradiation of light, passage of time (aging), temperature
and humidity on TC18 J-aggregate in pure/hybrid LB films.

It was found that TC18 J-aggregate in LB films show SHG activity.
Interestingly, it was observed that the use of clay minerals enhances the
stability of J-aggregation in the hybrid films. Considering the wide
application of nanoscale J-aggregates in ultrathin films, this result is
very much important from application points of view.

2. Experimental

N, N′-dioctadecylthiacyanine perchlorate (TC18) purchased from
Hayashibara Biochemical Laboratories Inc. was used as received
without further purification. This dye was dissolved in HPLC graded
chloroform (99% Aldrich, stabilized by 0.5%–1% ethanol). The clay
mineral used in the present work was Laponite, obtained from Laponite
Inorganics, UK, and used as received.

A commercially available Langmuir-Blodgett (LB) film deposition
instrument (Apex 2000C, Apex Instruments Co., India) was used for the
preparation of monolayer LB film. Ultra pure Milli-Q water of resistivity
18.2 MΩ-cm was used as subphase. The concentration of the stock so-
lutions for TC18 was 0.5 mg/ml. In order to prepare LB film, 80 μl of
TC18 solution was spread onto the subphase with the help of a micro
syringe. After complete evaporation of volatile solvent (chloroform),
barrier was compressed at a rate of 12.33 mm2/s to prepare the
monolayer film. Smooth fluorescence grade quartz plates (for spectro-
scopy) and Si-wafer (for AFM studies) were used as solid substrate. Y-
type deposition at a particular surface pressure was followed to transfer
Langmuir films at a deposition speed of 5 mm/min. All the films were
deposited at a surface pressure of 15 mN/m. Details about the LB
technique has been described in our previous works (Hussain and
Bhattacharjee, 2009). Hybrid Laponite films were prepared by
spreading the TC18 solution onto Laponite dispersion (1 ppm) sub-
phase. Half an hour was waited for evaporation of the solvent as well as
to complete the adsorption of Laponite particle onto the floating TC18
layer followed by barrier compression as well as film transfer onto solid
substrate. For AFM measurement, a single layer was deposited. The
transfer ratio was estimated by calculating the ratio of decrease in
subphase area to actual area on the substrate coated by the layer and
was found to be 0.98 ± 0.02.

UV–vis absorption of LB films was recorded using absorption spec-
trophotometer (Perkin Elmer, Lambda 25). The absorption spectra were
recorded at 90° incidence and using a clean quartz slide as reference.

A homemade glass chamber was used for the post heat treatment of
the J-aggregated thin films, in which films were placed at the middle of
the chamber from a hanging support. UV–vis absorption spectra were
recorded immediately after the heat treatment. The temperature de-
pendence of J-aggregates in LB films was investigated by recording the
UV–visible absorption spectra immediately after the preparation of the
sample to avoid the aging effects of the films. We had used another
homemade glass chamber to investigate the effect of humidity on ag-
gregates. Films were suspended from a support and UV–vis absorption
was recorded immediately after the treatment.

The atomic force microscopic (AFM) image of monolayer film was
taken with a commercial AFM system, Innova AFM system (Bruker AXS
Pte Ltd.) by using silicon cantilevers with a sharp, high apex ratio tip
(Veeco Instruments). The AFM images presented here was obtained in
intermittent-contact (“tapping”) mode. X-ray diffraction (Bruker D8
advance) data was obtained using monochromatic copper Kα radiation
(wavelength 1.54Ȧ) and 2θ step of 0.02°. The ATR-FTIR spectra of TC18
LB films deposited onto ZnSe single crystal were recorded using an FTIR
spectrophotometer (PerkinElmer, Model No. Spectrum 100, USA).

The incident angle dependence of the optical Second Harmonic
Generation (SHG) intensities of the films were measured using a pulsed
beam from a repetitively Q-switched Nd:YAG laser (Lee, Model
818TQ,1 kHz) at a wavelength of 1064 nm with a typical pulse duration
of 140 ns and a pulsed laser with peak power 5 kW. The samples were
mounted on a motor-controlled rotating stage and the angle of in-
cidence of the laser beam relative to the film varied from 0° to 60°. The
samples were illuminated with the p-polarized (perpendicular to the
rotation axis) laser beam, and the p-polarized SH light was detected
(p–p polarization measurement) by a photomultiplier tube
(Hamamatsu, Model R212). The spot diameter of focused laser is about
100 μm (Chakraborty et al., 2015; Chandra et al., 2005; Kawamata and
Hasegawa, 2006). The signal from the photomultiplier tube was
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processed using a boxcar average (Stanford Research, Model SR250).

3. Results and discussion

3.1. Monolayer characteristics

To have an idea about the thermodynamic behaviour we have stu-
died the monolayer characteristics of TC18 at the air water interface as
well as onto Laponite dispersion interface. Pure TC18 and TC18-
Laponite form stable monolayer at the air water interface. Fig. 1 shows
the corresponding surface pressure – area per molecule isotherms. The
molecular structure of TC18 is shown in the inset of Fig. 1. Each

isotherm is a compilation of three compressions, each from three in-
dependent sets of experiments. The lift off area of pure TC18 is about
1.12 nm2, in agreement with reported results (Chakraborty et al.,
2015). The liftoff area is basically the mean area per molecule when
surface pressure starts rising just above the zero surface pressure, de-
termined by the method described by Ras et al. (2004). Pure TC18
isotherm shows liquid condensed and solid phase before collapse.
However no sharp collapse was observed.

On the other hand TC18 isotherm measured onto Laponite disper-
sion (1 ppm) subphase show marked changes with respect to that in
pure water subphase. Here the lift off area is larger (1.26 nm2). At the
beginning liquid – expanded phase was observed and no clear collapse
was seen at the end of solid phase. Observed changes in the pressure –
area isotherm in presence of Laponite dispersion subphase compared to
that in pure water subphase clearly indicates the incorporation of
Laponite layers onto the floating TC18 film and formation of TC18 –
Laponite hybrid monolayer at the air – water interface (Chakraborty
et al., 2015; Hussain and Schoonheydt, 2010).

3.2. Formation of TC18 J-aggregate

In solution, TC18 predominantly remains as monomer with promi-
nent monomer absorption band at around 430 nm along with a very
weak high energy shoulder at 410 nm (Chakraborty et al., 2015;
Hussain et al., 2011) (Fig. 2a, inset). This weak shoulder is attributed
due to minute amount of H-aggregate in solution (Chakraborty et al.,
2015; Hussain et al., 2011). Fig. 2a shows the UV–vis absorption
spectrum of pure monolayer TC18 LB film lifted at a surface pressure of
15 mN/m. The subphase temperature was 25 °C and the spreading vo-
lume was 80 μl. Concentration of the TC18 solution was 0.5 mg/ml. The
absorption spectrum of conventional TC18 LB film possesses a promi-
nent peak at 461 nm and two weak humps at 433 nm and 410 nm. The
461 nm band and 433 nm band are assigned to J-aggregate and
monomer respectively (Chakraborty et al., 2015; Yamaguchi et al.,
2005). The 410 nm absorption band of TC18 LB films has been assigned
as due to the formation of minute amount of H-aggregation (Hussain
and Schoonheydt, 2010 and Yamaguchi et al., 2005). Deconvolution of
the pure TC18 LB film absorption spectrum (Fig. 2(b)) reveals the
presence of three Gaussian curves corresponding to the J-aggregate,
monomer band and H-dimer band confirming the adequate determi-
nation of the existence of different species present in the pure TC18 LB

Fig. 1. Surface pressure vs area per molecule isotherm of (a) pure TC18 in water subphase
and (b) TC18 at Laponite subphase. Inset shows the molecular structure of TC18.

Fig. 2. (a) UV–vis absorption spectra of pure TC18 J-ag-
gregate in LB film lifted at a surface pressure of 15 mN/m,
inset shows the solution spectra of pure TC18 and (b)
Deconvolution of UV–vis absorption spectra of pure TC18
in LB film.

P. Debnath et al. Applied Clay Science 147 (2017) 105–116

107



film. From the absorption and its deconvolution spectra, it is clear that
TC18 J-aggregate predominates in LB films compared to TC18
monomer and H-aggregate. Our research group already demonstrated
that TC18 forms strong J-aggregate in LB films under various conditions
(Hussain et al., 2011). It is well known that the head-to-tail like ar-
rangement of molecules in J-aggregate makes it an essential candidate
for nonlinear optical study due to its non centrosymmetric structure.
This head-to-tail arrangement of molecules in J-aggregate is responsible
for its non-centrosymmetric structure in monolayer LB film. Multilayer
of such films results in centrosymmetric structure, whereas non-cen-
trosymmetry is the prerequisite to possess SHG activity. Therefore, J-
aggregate in monolayer LB films is quite interesting with respect to its
nonlinear applications.

3.3. Effect of laser irradiation

It has already been reported by several authors that J-aggregates in
pure/hybrid LB films could decay to monomers and H-aggregates upon
laser irradiation and irradiation of monochromatic light in LB film
(Chandra et al., 2005; Deb et al., 2005; Kawaguchi and Iwata, 1988;
Kishida et al., 2008;). The SHG measurement process itself involves
laser irradiation and was found to perturb the assembly of molecules in
the ultrathin film (Kawamata and Hasegawa, 2006). So it is important
to check the stability of J-aggregates of TC18 in pure and hybrid LB
films in order to find their potential use as effective nonlinear optical
active materials.

Accordingly, we have investigated the effect of laser irradiation on
TC18 J-aggregate in both pure and hybrid LB films. For this the LB films
were exposed to laser beam of peak power 5 kW for different time in-
tervals, followed by absorption spectrum measurement. Fig. 3(a) and
(b) show the corresponding absorption spectra for TC18 J-aggregate in
pure and hybrid LB films respectively. From Fig. 3(a) it is seen that the
intensity of J-aggregate band decreases with increase in irradiation
time. TC18 J-aggregate absorbance becomes less than 50% of its initial
absorbance for an irradiation time of 45 min. In our SHG measure-
ments, the films have to be exposed to laser beam for a period of
25–30 min approximately. Accordingly the effect of laser irradiation up
to 45 min on LB films were checked. The deconvolution of the corre-
sponding absorption spectra (Fig. S1) also exhibits the decrease of J-
aggregated band intensity with increase in irradiation exposure time.
However, the decrease in J-aggregated band absorbance for hybrid
TC18 film due to laser irradiation is less than 10% even after 45 min of
irradiation (Fig. 3(b)). Deconvolution of the corresponding absorption
spectra also replicates the same (Fig. S2). A comparison of relative
decrease in the absorbance of J-aggregated band for both pure and
hybrid monolayer LB film was shown in Fig. 3(c). From the figure it is
obvious that stability of TC18 J-aggregate is higher in hybrid LB film in
comparison to pure film. Therefore, it can be concluded that in-
corporation of Laponite enhances the stability of J-aggregate in LB film.

The coherent domain size or spectroscopic aggregation number
corresponding to J-aggregate is very important to have an idea about
the extent of J-aggregate formation (Koti et al., 2003; Tani et al., 2008).
In addition, the nonlinear behaviour of J-aggregation is highly influ-
enced by the spectroscopic aggregation number (Koti et al., 2003). The
value of aggregation number is higher when the extent of J-aggregation
is larger and vice versa. The coherent size of the J-aggregate can be
calculated from absorption spectra of monomer and J-aggregate as
follows (Tani et al., 2008; Koti et al., 2003),

= ∆ ∆N ν (M) ν (J)1 2
1 2 1 2

where

• N = Spectroscopic aggregation number.

• Δν1/2(M) = full width half maxima of monomer.

• Δν1/2(J) = full width half maxima of J-aggregate.

In the present study, the spectroscopic aggregation numbers are
calculated and listed in Table 1. From the table, it has been observed
that spectroscopic aggregation number/coherent size decreases with
increase in irradiation time for both pure and hybrid LB films. However,
in case of hybrid film the decrease is much lower. The values are in well
agreement with the observed changes of J-aggregate band with irra-
diation time.

It is relevant to mention in this context that Laponite possesses
negatively charged surface with a cation exchange capacity (CEC) and
layered structure (Singla et al., 2012). In the process of formation of -
Laponite hybrid LB films, the cationic TC18 molecules were adsorbed
onto Laponite surface through electrostatic/ion – exchange reaction. As
a result, the TC18 molecules were strongly fixed onto the Laponite
template resulting in an enhancement in its stability. There are several
reports where it has been shown that molecules in the hybrid films are
more stable compared to their pure counterpart (Frindy et al., 2016).

3.4. Aging effect

Since the structure of J-aggregate is non-centrosymmetric, it is
possible to have SHG active films by forming J-aggregates in LB
monolayer (Chakraborty et al., 2015), even if the single crystal of the
molecule is SHG inactive (Chakraborty et al., 2015). Such films may be
suitable for various nonlinear optical devices (Kobayashi, 1996).
However, any kind of organizational/orientational changes in the films
with the passage of time is undesirable for real time device applications.
Generally, it has been observed that some molecular movements oc-
curred in LB films with passage of time (Miura et al., 2013), which leads
to change in molecular organization as well as properties of the film. So
the information regarding the stability of J-aggregate with the passage
of time in pure/hybrid LB films is very important. Accordingly, we have
studied the properties of TC18 J-aggregate in both pure and hybrid LB
films with the passage of time.

In order to study the aging behaviour, we have prepared TC18 J-ag-
gregate in pure and hybrid LB monolayer and measured the absorption
spectra with the passage of time. Fig. 4(a) and (b) show the corresponding
absorption spectra for pure and hybrid LB monolayer films respectively.
From Fig. 4(a), it is seen that the intensity of 461 nm band, which cor-
responds to J-aggregates, decreases with the passage of time. Almost 80%
decrease in TC18 J-aggregate absorbance occurred within four days.
However, after four days the TC18 J-aggregate film becomes stable and no
further decrease was observed. Calculated values of spectroscopic ag-
gregation number or coherent size (Table – S1) as well as the deconvo-
lution of the corresponding UV–vis absorption spectra also replicate the
same (Fig. S3). On the other hand, J–aggregate formed in hybrid LB film
(Fig. 4(b)) was found to be much more stable than the pure TC18 J-ag-
gregate. Here also up to four days the intensity of J-aggregated band de-
creases and then it becomes stable. Interestingly here the extent of de-
crease is of the order of 10–15% with respect to its initial absorbance.
Calculated values of aggregation numbers as well as deconvolution of the
corresponding absorption spectra also confirm this (Fig. S4). A comparison
between the relative decreases of intensity of J-aggregate in both the pure
and hybrid films (Fig. 4(c)) shows that the J-aggregate of pure TC18 film is
very unstable with the passage of time whereas the TC18-Laponite film J-
aggregate is much better with respect to its stability. Thus use of Laponite
restricts the molecular movements within the J-aggregate in hybrid LB
films up to a certain extent.

3.5. Effect of temperature on J-aggregate

For practical device application molecules assembled into ultrathin
films should be stable up to a certain temperature otherwise the
properties may be affected. Therefore, it would be interesting to have
idea about the effect of increasing temperature on the TC18 J-aggregate
in LB monolayer. Accordingly both pure and hybrid films of TC18 J-
aggregate were placed in a glass chamber for 1 min at different
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temperatures followed by absorption spectroscopic measurement. The
temperature of the chamber were varied from 25 °C to 115 °C.
Corresponding spectra were given in Fig. 5(a) and (b) respectively for
pure and hybrid LB films.

It has been observed that for both pure TC18 and TC18-Laponite
hybrid LB films the intensity of J-aggregate band decreases upon in-
creasing temperature. However, for pure film the extent of decay is
much more than that in hybrid LB film. In pure LB films the J-aggregate
band becomes almost a weak hump at 115 °C, whereas, in hybrid film
the J-aggregate band was distinct and prominent. The relative decrease
in J-aggregated band intensity in case of pure TC18 film was 60% and
that in hybrid film was 20% (approx). Interestingly in case of hybrid
films J-aggregate band intensity become almost stable beyond 90 °C

and remained almost unchanged up to 115 °C. Calculated values of
coherent size/Spectroscopic Aggregation Number (Table S1) as well as
the deconvolution spectra also support the same (Figs.S5 and S6).

The initial decrease in J-aggregated band intensity in both pure and
hybrid LB films are almost similar up to 80 °C (approx) (Fig. 5c).
However beyond this temperature for hybrid films no significant de-
crease was observed although for pure TC18 films significant decrease
in J-aggregated band intensity was observed. Initially there may exist
water molecules in the LB film (Hanley et al., 1996). Upon heating the
water molecules evaporate resulting in re-orientation (molecular
movement) of TC18 molecules in both pure and hybrid LB films. The
size or shape of J-aggregate domain may change resulting in a change
in J-aggregated band intensity in absorption spectra. However at higher
temperature in case of pure TC18 J-aggregate film dissociation of J-
aggregate occurs and thereby increases the non-radiative transition
rate, which results in decrease in J-aggregated band intensity. It has
been reported that upon heating merocyanine J-aggregate in LB film
dissociated with simultaneous increase in monomer band (Fukui et al.,
1983). Pseudocyanine J-aggregate decayed to monomer in LB films at
higher temperature (Shelkovnikov et al., 1995).

In case of hybrid films, the cationic molecules are attached on to the
negatively charged Laponite surface through ion exchange/electrostatic
interaction. Owing to this they are strongly bounded in the hybrid films
compared to that in absence of Laponite. This Laponite induced strong
bonding of TC18 molecules in TC18 J-aggregate in case of hybrid film
opposes the dissociation of the J-aggregated species. As a result, the J-
aggregated band absorbance remained almost unchanged.

Fig. 3. UV–vis absorption spectra of 1 layer LB films mea-
sured after irradiating for different time interval with laser
light – (a) pure TC18 J-aggregate, (b) TC18-Laponite J-ag-
gregate and (c) Relative decrease in J-aggregate Intensity
due to irradiation in pure TC18 and TC18-Laponite LB film.
Duration of irradiation time is mentioned in the corre-
sponding figure.

Table 1
Variation of Spectroscopic aggregation number of TC18 and TC18- Laponite J-aggregate
due to laser irradiation.

Condition Aggregation number
(N)

Condition Aggregation number
(N)

Pure TC18 2.97 TC18- Laponite
initial

5.16

Initial 2.61 5 min 5.13
5 min 2.47 15 min 5.13
15 min 2.36 25 min 5.10
25 min 1.82 35 min 5.04
35 min 1.82 45 min 4.62
45 min 1.89
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3.6. Reconstruction of J-aggregate

In the previous section of the manuscript it has been observed that
J-aggregate in LB films decays with passage of time as well as with
increase in temperature. Although in TC18-Laponite hybrid films the
extent of decay was less compared to that in pure TC18 LB films.
However, stable J-aggregate in LB films is expected for the application
purposes especially, if the application is based on J-aggregate, e.g. non-
linear optical application (Herrera et al., 2014). It is believed that the
evaporation of water molecules in the film or dissociation of J-ag-
gregated domains may be responsible for such degradation.

Therefore, in an attempt to regain the TC18 J-aggregate it would be
interesting to check the effect of water molecule on the films (with
decreased J-aggregate). Accordingly, thermally treated as well as aged
films (pure TC18 and TC18-Laponite films) were exposed to different
humidity level in a chamber with a controlled manner. All the films
were kept under humidity for five minutes. After that the films were
taken out and kept at ambient environment (to dry out the extra water
in the film surface) followed by their absorption spectroscopic mea-
surements. Corresponding spectra is shown in Fig. 6(a) and (b) re-
spectively for pure and hybrid films.

Interestingly it has been observed that J-aggregate band intensity
increases with increase in humidity level and reaches maximum at the
relative humidity level 99% for both pure and hybrid films. It was
possible to regain 80% of the intensity of freshly prepared TC18 J-ag-
gregate (Fig. 6(c)). Calculation of spectroscopic aggregation number/
coherent size (Table – S1) as well as deconvolution spectra also

supports this (Figs.S7 and S8). Increase in J-aggregated band intensity
after humidity treatment suggests that J-aggregate domains get re-
constructed in the LB films.

In order to check whether this reconstruction of J-aggregate in LB
films is reversible or not, the films (in which J-aggregate regained by
the humidity treatment) were again heated. Accordingly, the J-ag-
gregate decays as observed from the absorption spectroscopic mea-
surement (Fig. S9). Now this films (both pure and hybrid) were again
exposed to different humidity levels. Interestingly it has been observed
that TC18 J-aggregate regains in the films. We have checked few cycles
of such experiments and observed that in each case 80% of the TC18 J-
aggregate intensity regained after humidity treatment (Fig. 6(d)).

In order to check whether there is any deformation/change in the
TC18 molecules after heat treatment, the treated film was dissolved in
chloroform and absorption spectra were recorded. Spectrum was found
to be exactly the similar to that of pure TC18 solution absorption
spectrum (Fig. S10) which suggests that there was no modification in
TC18 molecular structure due to heat treatment or aging.

In order to check whether there is any structural changes occurred
in the TC18-Laponite hybrid films during humidity as well as heat
treatment, the hybrid LB films were studied using XRD. The XRD pat-
terns used here are of out-of- plane patterns. Fig. 7 shows the XRD
patterns of multilayered LB film of (a) TC18 untreated (b) TC18 after
heat treatment (c) TC18 after humidity treatment (d) TC18 – Laponite
(e) TC18 – Laponite after heat treatment and (f) TC18 – Laponite after
humidity treatment. From figure it is clear that the peak positions of all
the XRD spectra ((a)–(f)) are same except some small changes in the

Fig. 4. UV–vis absorption spectra of 1 layer LB films
measured with the passage of time – (a) pure TC18 J-ag-
gregate, (b) TC18-Laponite J-aggregate and (c) Relative
decrease in J-aggregate intensity of pure TC18 and TC18-
Laponite LB film with the passage of time.
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intensity. This indicates that no significant structural change occurred
in the pure TC18 LB film and in the TC18 – Laponite hybrid LB film due
to heat as well as humidity treatment. However, slight change in in-
tensity indicates reorientation of molecules in the LB film resulting in
change in the degree of orderness. This is explained as follows; before
heating there was hydrophilic area near the substrate with water mo-
lecules and hydrophobic area near the outer surface in the film, which
could orient the amphiphilic molecules in one direction and when the
water molecules were removed by heat treatment the difference in
hydrophilicity – hydrophobocity decreased and as a result the TC18
molecules will be disordered. Again a careful observation of all the XRD
patterns reveals that the loss of intensity in the hybrid film is less
compared to that of pure TC18 LB film. This confirms the greater sta-
bility in the hybrid film compared to that of pure TC18 LB film.

It may be mentioned in this context that the layer distance for the
multilayer film having layered structures can be calculated based on the
position of the first diffraction peak (Umemura et al., 2002). In the
present case the peak position for first diffraction peak (2θ= 2.02) is
almost same for all the spectra. The layer distance calculated based on
this is d = 4.4 nm. This value is consistent with the thickness of the
single layer film as observed from the AFM images given in the later
section of this manuscript.

It is interesting to note that in LB film formation process firstly the
TC18 molecules were spread at air-water interface and monolayer film
of TC18 molecules were formed. Later this floating film was transferred
onto solid support for preparation of LB monolayer films. At the air-
water interface several TC18 molecules may come closer through hy-
drogen bonding. Later when this is transferred onto quartz substrate

domains of TC18 J-aggregate were formed. There are several reports
where it has been demonstrated that due to hydrogen bonding different
kinds of nano structure were formed in LB films (Correia et al., 2012;
Jiang et al., 2006; Rosoff, 2001). When this TC18 J-aggregate film is
heated the water molecules get evaporated resulting in the dissociation
in the J-aggregated domains. Accordingly a decrease in the intensity of
the J-aggregated band is observed. Again when the films were exposed
to different humidity levels, water molecules penetrate on to the films.
As a result TC18 J-aggregate domains were reformed in the LB films. In
order to confirm the presence of water molecule in the LB film we have
studied the FTIR spectra of TC18 LB film after heat treatment as well as
after exposing to humidity (Table 2). Corresponding spectra are shown
in Fig. 8. Interestingly, peaks in the region 3000–4000 cm−1 and
1650 cm−1 were observed after exposing to humidity which were ab-
sent in the heat treated film. Presence of 3455 cm−1 band confirms the
presence of water molecule in the LB film. Therefore it can be con-
cluded that the presence of water molecule in the film play a crucial
rule in the formation of TC18 J-aggregate.

3.7. Second Harmonic Generation (SHG) response of TC18 and TC18-
Laponite J-aggregate

J-aggregate in LB monolayer films possesses non-centrosymmetric
structure (Kajikawa et al., 1991). Accordingly J-aggregate in LB
monolayer shows nonlinear optical activity (NLO) (Feller et al., 1997;
Furuki et al., 1999). This technique is suitable to prepare NLO active
ultrathin films even with intrinsically NLO inactive materials. In our
previous investigation, it was demonstrated that the molecule TC18

Fig. 5. UV–vis absorption spectra of 1 layer LB film kept at
different temperatures ranging from 25 °C to 115 °C for a
fixed time period of 1 min – (a) pure TC18 LB films, (b)
TC18- Laponite hybrid films and (c) Relative decrease in J-
aggregate intensity of pure TC18 and TC18- Laponite LB
film with increase in temperature.
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forms prominent J-aggregate structure in LB monolayer, which was
SHG active (Chakraborty et al., 2015). Hence in the present manuscript
the stability of TC18 J-aggregate in LB monolayer under various con-
ditions was explored. In the previous section it was assumed that J-
aggregate decays due to aging as well as light irradiation and at high
temperature. However, J-aggregate in TC18 – Laponite hybrid film was
more stable. Therefore, it would be interesting to investigate the SHG
activity of TC18 J-aggregate under various conditions.

In order to check the effect of aggregation on SHG activity we have
measured the SHG signal of the recently prepared film as well as aged
film. It has been observed that the SHG signal intensity gradually de-
creased due to aging up to few days. All the films older than four days
possess almost same intensity. Representative figure showing the de-
pendence of the SHG intensity on the incident angle of the laser beam
for recent and several days old pure TC18 J-aggregate monolayer LB
film has been shown in Fig. 9(a). Observed decrease in SHG intensity is
in agreement with our previous spectroscopic studies of the TC18 J-
aggregate LB films with the passage of time. Initially due to change in
monolayer orientation or monolayer movement the structure of J-ag-
gregate domains changes with time. However after four days the J-
aggregate structure in LB film becomes stable and as expected no fur-
ther decrease in SHG intensity was observed.

In case of TC18-Laponite hybrid films (Fig. 9(b)) the extent of de-
crease in SHG intensity is much less. Here, the decrease was of the order
of only 10% compared to 75% in case of pure TC18 LB films. We have

also checked the effect of laser irradiation and heating on SHG intensity
of both pure and hybrid LB films (figure not shown). For both pure and
hybrid monolayer LB films the SHG intensity decreased due to laser
irradiation as well as for the films kept at high temperature. In case of
pure LB films the decrease in SHG intensity was of the order of 70–75%.
However, in case of hybrid films, the extent of decrease was of the order
of 10–15%. Absorption spectroscopic studies (given in previous section)
also support the same. This observation suggests that clay mineral can
be considered as ideal host material to stabilize the J-aggregate in LB
films to use the same as an efficient SHG active material in ultrathin
films.

3.8. Atomic Force Microscopy (AFM)

To get visual confirmation about the changes in surface morphology
of the LB monolayer films due to aging, heat treatment as well as hu-
midity treatment, the films were investigated using Atomic Force
Microscopy (AFM). Fig. 10(a) shows the AFM image of monolayer LB
film of pure TC18 deposited onto silicon substrate at 20 °C. Disc like
objects were observed on the AFM image of TC18 LB film. The diameter
and height of the disc ranges in between 125 and 160 nm and 2–4 nm
respectively. Almost all the surface of the film was covered with such
objects. In the previous section, it has been observed that strong TC18
J-aggregate is formed in the film prepared under similar condition.
Therefore, this nano disc like structure may be due to the formation of

Fig. 6. UV–vis absorption spectra of 1 layer LB film kept at different humidity for a fixed time period of 5 min – (a) pure TC18 LB films, (b) TC18- Laponite hybrid LB films (c) Relative
increase in J-aggregate intensity due to increase in humidity of pure TC18 and TC18- Laponite LB film and (d) Variation of J-aggregate intensity of pure TC18 and TC18-laponite LB film
due to heat and humidity treatment.
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TC18 J-aggregate domains in LB monolayer. Circular shaped domains
of other cyanine derivatives in LB monolayer has already been reported
by several other researchers (Miura et al., 2013; Ozcelik et al., 2004). In
one of our previous works, it has been seen that indocarbocyanine
derivative in LB monolayer forms such circular J-aggregate domains in
LB monolayer when mixed with fatty acid under specific conditions
(Debnath et al., 2015).

On the other hand the AFM image (Fig. 10(b)) of monolayer TC18
LB film kept at 110 °C for 1 min does not possess such circular domains
of TC18 J-aggregate. AFM image clearly indicating that the TC18 J-

aggregate domains were destroyed due to heat treatment. Here the film
possesses uniform surface with lower height profile. Our previous
spectroscopic studies (Fig. 5) also indicated that TC18 J-aggregate

Fig. 7. XRD spectra of LB film of (a) pure TC18, (b) TC18
after heat treatment, (c) TC18 after humidity treatment, (d)
TC18 – Laponite, (e) TC18 – Laponite after heat treatment
and (f) TC18 – Laponite after humidity treatment.

Table 2
Important band assignments for FTIR spectra.

Band position
(cm−1)

Assignment TC18 LB film after
heat treatment

TC18 LB film after
humidity treatment

3455 OeH Absent Present
2920 CH2 stretching

(asymmetric)
Present Present

2846 CH2 stretching
(symmetric)

1635 C]C Absent Present

Fig. 8. FTIR of TC18 LB film after heat treatment (black line) and after humidity treat-
ment (red line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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decayed due to heat treatment. The observed difference in the AFM
images of TC18 monolayer LB films before and after heat treatment
gives a compelling visual evidence of the change in the TC18 ag-
gregation in LB films. The AFM images of recent TC18 LB monolayer
film and the same for 7 days old TC18 LB monolayer LB films (Fig not
shown) also gives visual evidences for the changes in TC18 J-aggregate
domains due to aging.

In the previous sections of the manuscript it was also found that the
TC18 J-aggregate dissociated or destroyed due to heat treatment can be
recovered by humidity treatment of the same film. This suggests that
circular shaped TC18 J-aggregate domains can be reconstructed in the
film after humidity treatment. Although, the TC18 J-aggregate domains
were destroyed due to heating but the AFM image (Fig. 10(c)) of TC18
LB monolayer kept at 110 °C for 1 min followed by humidity treatment
(99%, 5 min) clearly shows the presence of circular shaped TC18 J-
aggregate domains. This observation supports that TC18 J-aggregate
was reconstructed when the films were exposed to humidity.

The AFM image of TC18 – Laponite LB film (Fig. 10d) is quite different
from that of pure TC18 LB film. In LB technique the Laponite particles
were adsorbed onto floating TC18 layer through electrostatic interaction/
cation exchange reaction and thus hybrid TC18 – Laponite layer was
formed. In this layer ideally the Laponite particles were covered with the
TC18 molecules. However, since the dimension of the dye is beyond the
resolution of the AFM system, it's not possible to identify the dye and
Laponite separately. However, dye aggregates are clearly visible in the
AFM images. As a whole the AFM image possess two features – (i) Lapo-
nite particle covered with TC18 (randomly oriented) and (ii) Laponite
particle with dye aggregates. These two features are clearly distinguish-
able. The height of TC18 aggregate onto Laponite is around 5 nm.

On the other hand the AFM image measured after heat treatment
(Fig. 10e) followed by humidity exposure and AFM image (Fig. 10f)
showed no significant change in TC18 aggregate in hybrid LB film. All
the films possess almost similar morphology. This suggests that J-ag-
gregate in TC18 – Laponite film is much more stable.

Fig. 9. Dependence of the SHG signal intensity on the
incident angle of the (a) recently prepared pure TC18 J-
aggregate film and 7 days old pure TC18 J-aggregate film
and (b) recently prepared TC18- Laponite J-aggregate
film and 7 days old TC18- Laponite J-aggregate film.

Fig. 10. AFM image of TC18 J-aggregate measured after exposing to (a) 25 °C, (b) 110 °C temperature and (c) after exposing the heat treated film to 99% humidity, (d) pure TC18-
laponite, (e) TC18-Laponite after exposing the film to 110 °C, (f) TC18-Laponite film after exposing the heat treated film to humidity.
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4. Conclusion

The stability of TC18 J-aggregate was investigated under various
conditions in presence and absence of Laponite. We have observed that
the intensity of pure TC18 J-aggregate decreases with irradiation of
light, passage of time and with increase in temperature. But under
identical situation, TC18-Laponite J-aggregated films exhibit quite
better stability. After exposing these films to humidity (RH 99%), we
observed that the decayed J-aggregate structure gets reconstructed in
both the pure and hybrid J-aggregated films. Almost 80% of the de-
cayed J-aggregated structure reconstructed back in both the cases. It
has been observed that the decayed J-aggregate can be retraced back up
to 80% during several cycles of heat and humidity treatment.
Monolayers of TC18 J-aggregate in both pure TC18 and TC18-Laponite
LB films were found to be SHG active. In case of TC18 J-aggregate LB
film 75% decrease in SHG intensity occurred after 7 days. However, in
case of TC18-Laponite hybrid films the SHG intensity remained almost
same even after 7 days. Thus, use of Laponite enhances the stability of
TC18 J-aggregate and hence the SHG behaviour.
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