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a b s t r a c t

Here, the stability behaviour of J-aggregate of an indocarbocyanine dye 1,10-Dioctadecyl-3,3,30 ,30-Tetra-
methylindocarbocynine perchlorate (DiI) in fatty acid mixed (XDiI¼0.4) Langmuir–Blodgett (LB) films
under different condition was reported. Surface pressure–area per molecule (π–A) isotherm measure-
ment suggest that the molecular interaction between the constituent molecules changes with subphase
temperature. UV–vis absorption and fluorescence spectroscopy and Atomic Force Microscopy (AFM)
were used to study the stability behaviour. It has been observed that prominent J-aggregate of DiI
occurred in the mixed films at subphase temperature 15 °C. With the passage of time as well as post heat
treatment DiI J-aggregate decayed to excimer in both mono- and multilayer LB films. Total transition
from J-aggregate to excimer occurred in monolayer films, whereas, the transition was partial in multi-
layer films. The stability of DiI J-aggregate in monolayer films was increased by two ways – (i) depositing
the DiI-SA mixed LB films at higher surface pressure, (ii) exposing the films at 50 °C for 5 min. It has been
observed that after heat treatment the DiI J-aggregate remained almost stable even after 200 days. AFM
investigations gave the compelling visual evidences of the same.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Many dyes possess self-association and self assembling prop-
erties leading to the formation of aggregates in solution and in
ultrathin films [1–7]. Such aggregation affects on coloristic and
photophysical properties of dyes and therefore being of special
importance [8]. The aggregation behaviors both in solution and at
the solid-liquid interface is a frequently encountered phenomenon
owing to strong intermolecular Van der Waals-like attractive for-
ces between the molecules. It is well known that the ionic dyes
have a common tendency to aggregate in dilute solutions, leading
to formation of dimer, and sometimes even higher order aggre-
gates. Based on the orientation of the dyes in the aggregates, there
exist various kinds of aggregating species viz. H-aggregates,
J-aggregates, excimer etc. Various parameters like dye concentra-
tion, structure, ionic strengths, temperature and presence of
organic solvents may strongly influence the extent of aggregation
[7]. Dye aggregates are often found to play important roles in both
fundamental science and technological applications such as optical
memory, organic solar cells and nonlinear optical application etc.
[9–12].

Non-covalently coupled molecules (dyes) such as porphyr-
ines, cyanine, squaranine etc form well ordered nano-scale
J-aggregates [13–15]. Highly ordered molecular stacking (head
to tail alignment of transition dipole moments of the dye
molecule) in the J-aggregate results in the appearance of narrow
and very sharp absorption band (J-band) red shifted with respect
to the monomer band [13–15]. Spectral features of J-aggregates
are governed by the exciton delocalization length, which is
usually up to tens monomers, rather than the physical size of
aggregates [15]. Due to excitonic nature of electronic excitations,
J-aggregates reveal a number of unique spectral properties such
as for organic molecules very narrow sharp bands (tens of cm–1

at liquid helium temperatures), large extinction coefficients
(hundreds of thousands of cm–1 M–1), very large scale second
and third-order optical nonlinearities up to 10–5 esu and so on
[16]. Such optical properties make the J-aggregates a very pro-
mising candidate for many technological applications, e.g.
spectral sensitization in photovoltaic cells, optical waveguide,

www.sciencedirect.com/science/journal/00222313
www.elsevier.com/locate/jlumin
http://dx.doi.org/10.1016/j.jlumin.2016.07.027
http://dx.doi.org/10.1016/j.jlumin.2016.07.027
http://dx.doi.org/10.1016/j.jlumin.2016.07.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2016.07.027&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2016.07.027&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2016.07.027&domain=pdf
mailto:sa_h153@hotmail.com
mailto:sahussain@tripurauniv.in
http://dx.doi.org/10.1016/j.jlumin.2016.07.027


P. Debnath et al. / Journal of Luminescence 179 (2016) 287–296288
nonlinear optical devices, luminescent, optical switch, probes in
biology and medicine and so on [9–18].

On the other hand, several dye molecules may also form exci-
mer in solution or bulk, which is a molecular complex of two,
usually identical, molecules that is stable only when one of them is
in an excited state. It is evidenced by a broad and structureless
longer wavelength band in the fluorescence spectrum and is
important in excimer laser technologies [19].

Cyanines and their derivatives have attracted gaining interest
as building blocks for the construction of new functional
nanoscale aggregates for electronics and optoelectronics [20]. In
addition, Langmuir–Blodgett (LB) technique has been emerged as
one of the best method for preparation of such aggregate in
ultrathin films [21–24]. Herein the organization and hence the
properties of molecules can be controlled as a function of molar
composition, temperature, humidity, surface pressure, layer
number etc. [16,21–27].

In these cases, aggregates are formed onto solid surfaces or in
monomolecular layers at the air–water interface (Langmuir
monolayer), where the chromophore packing can be controlled by
changing various LB parameter [21–23]. Due to the strong ten-
dency of self association as well as technology friendly aggregate
formation, in our laboratory, we have studied the aggregating
behaviour of cyanine and thiacyanine molecules assembled onto
LB films [25–28]. It has been observed that J-aggregate of thia-
cyanine onto LB films can be controlled by incorporating nano-clay
laponite [26], irradiation of UV-light decays J-aggregate to H-
aggregate and monomers [27], SHG active J-aggregate of a
intrinsically SHG inactive NK in LB film has also been studied [28].
It has been observed that stability of J-aggregate increases in
presence of nano-clay [28].

In one of our earlier works, we reported the reversible transi-
tion between excimer and J-aggregate of an indocarbocyanine dye
1,10-Dioctadecyl-3,3,30,30-Tetramethylindocarbocynine perchlorate
(DiI) in mixed LB films [25]. It has been observed that molar
composition plays an important role in determining the nature of
aggregating species in dye-fatty acid mixed LB monolayer films. As
a continuation of that work, here we report the results of our
investigation on the stability of J-aggregate in DiI-SA mixed LB
films. Stability of specific aggregating species in ultrathin films is
an important issue in order to have their practical application. We
have demonstrated that the stability of DiI J-aggregate in LB films
can be improved either by increasing the surface pressure of lifting
during LB film preparation or by post-heat treatment of the LB
monolayer for certain time period. Interestingly it was found that
the DiI J-aggregate was stable even after 200 days in treated films.
This observation is very important for the future application of
such aggregates.
2. Experimental

2.1. Materials and methods

DiI, Stearic Acid (SA) (purity499%), were purchased from
Sigma-Aldrich chemical company and were used as received.
Working solutions were prepared by dissolving them in spectro-
scopic grade chloroform (SRL).

A commercially available Langmuir–Blodgett (LB) film deposi-
tion instrument (Apex 2000C, Apex Instruments Co., India) was
used for the measurements of surface pressure–area isotherm as
well as for mono and multilayer film preparation. Ultra pure Milli-
Q water of resistivity 18.2 MΩ cm was used as subphase. The
concentration of the stock solutions for both SA and DiI was
0.5 mg/ml. DiI and SA were mixed at different molar ratios using
the stock solutions. In order to measure the isotherm and also for
film preparation, 60 ml of either pure or mixed solutions were
spread onto the subphase with a micro syringe. After complete
evaporation of volatile solvent, barrier was compressed at a rate of
12.33 mm2/s to record the surface pressure–area per molecule
isotherms. The surface pressure (π) versus average area available
for each molecule (A) was measured by a Wilhelmy plate
arrangement [24]. Each isotherm was repeated a number of times
and data for surface pressure–area per molecule isotherms were
obtained by a computer interfaced with the LB instrument.
Smooth fluorescence grade quartz plates (for spectroscopy) and Si-
wafer (for AFM studies) were used as solid substrate. Y-type
deposition at a particular surface pressure was followed to trans-
fer Langmuir films at a deposition speed of 5 mm/min. Here we
investigated one layer and ten layers of mixed LB films. For
monolayer LB film preparation, initially the substrate was kept
inside the water and the monolayer was deposited during upward
movement of the substrate. Multilayer (10 layers) was deposited
by repeatedly moving the substrate upward and downward within
the subphase across the floating Langmuir monolayer. All the films
were deposited at 15 mN/m surface pressure. A detail about LB
technique has been described in our previous work [24]. 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 0.9870.02.

2.2. Characterization

UV–vis absorption and fluorescence of pure solutions as well as
those of mixed LB films were recorded using absorption spectro-
photometer (Perkin Elmer, Lambda 25) and fluorescence spectro-
photometer (Perkin Elmer, LS 55) respectively. The absorption
spectra were recorded at 90° incidence and using a clean quartz
slide as reference. For fluorescence spectra measurement the
excitation wavelength (λex) was 520 nm for all cases.

A homemade glass chamber was used for the post heat
treatment of the J-aggregated thin films, in which the films are
placed at the middle of the chamber from a suspension point.
UV–visible absorption spectra were recorded immediate after
the heat treatment. The temperature dependent UV–visible and
fluorescence measurements were started immediate after the
preparation of the sample and checked to avoid the aging effects
of the mixed films.

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 pre-
sented here was obtained in intermittent-contact (“tapping”)
mode. Typical scan areas were 1�1 μm2.
3. Experimental results

3.1. Effect of subphase temperature on floating monolayer at
air–water interface

In LB technique, surface pressure–area per molecule (π–A)
isotherms is considered as two dimensional finger prints to have
idea about the intermolecular interactions as well as thermo-
dynamic behaviour of the floating monolayer [29]. Thermo-
dynamic behaviour of pure DiI as well as DiI-SA mixed monolayer
at air–water interface under ambient condition had already been
studied [25]. It has been observed that mixing ratio of DiI and SA
in DiI-SA mixed films plays an important role in determining the
nature of aggregation of DiI molecule in mixed LB films. DiI
molefraction of 0.4 (XDiI¼0.4) in DiI-SA mixed films was found to



Fig. 1. Plot of (a) surface pressure (π) vs area per molecule (A) isotherm of DiI-SA mixed monolayer (XDiI¼0.4) at different subphase temperature, (b) excess area per
molecule (AE) vs surface pressure (π), (c) excess Gibbs free energy of mixing (ΔGexc) vs the surface pressure (π) and (d) compressibility (Cs) vs surface pressure (π) of DiI-SA
mixed monolayer. The data for b–d were calculated from (π–A) isotherms of DiI-SA mixed (XDiI¼0.4) monolayer at different subphase temperature as shown in a.
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be suitable for the formation of DiI J-aggregate in mixed LB films.
Here we are interested to check the stability of such DiI J-
aggregate formed onto LB film. As a first step we have studied
the π–A isotherm of DiI-SA mixed monolayer (XDiI¼0.4) at air
water-interface at different subphase temperature. Corresponding
isotherm curves are shown in Fig. 1a. Each isotherm presented
here is a compilation of three compressions, each from three
independent sets of experiments. Nature of the isotherms taken at
different subphase temperature (viz. 10 °C, 15 °C, 20 °C, 30 °C and
35 °C) are almost similar. The lift-off area of these isotherms are in
between 0.98 and 1.1 nm2. These are in good agreement with our
previous report where we had found the lift-off area for the mixed
monolayer (XDiI¼0.4) was 1.04 nm2 at ambient condition [25].
Slight variations with change in subphase temperature are an
indication of change in nature of molecular interaction among the
constituent molecules. This may lead to the change in aggregation
behaviour of DiI molecules when transformed on to LB films.

To have more information about molecular interaction in the
DiI-SA mixed monolayer (XDiI¼0.4) at various subphase tem-
perature, additivity and surface phase rule were employed. The
miscibility of mixed monolayer at different subphase temperature
was determined quantitatively by analyzing the excess area AE of
the mixed monolayer at the air–water interface. Details of the
calculation process have been described elsewhere [25]. Fig. 1b
shows the plot of excess area (AE) versus surface pressure calcu-
lated from DiI-SA mixed (XDiI¼0.4) isotherm measured at different
subphase temperature viz. 10 °C, 15 °C, 20 °C, 30 °C and 35 °C. A
noticeable deviation from the additivity rule was observed, which
is an indication of interaction among the constituent molecules
with variation of subphase temperature. Negative deviation
showing in all cases suggests the interactions among the binary
components in the monolayer are predominantly attractive. The
deviations are strongly dependent on subphase temperature and
surface pressure. Interestingly, for the isotherm measured at sub-
phase temperature 15 °C, minimum deviation of excess area from
the ideality curve (AE¼0) were observed. That is at 15 °C subphase
temperature almost ideally mixed monolayer was formed.

Excess Gibbs free energy of mixing as calculated from the
corresponding isotherm is also shown in Fig. 1c. Details calculation
procedure was reported elsewhere [25]. Analysis of excess Gibbs
free energy reveals information about thermodynamic stability of
the mixed monolayer [30]. Here the result replicates that obtained
from the excess area vs surface pressure plot. Also in case of 15 °C
subphase temperature almost ideal mixing of DiI and SA molecules
occurred in the mixed monolayer. This has been confirmed from
the close resemblance of excess Gibbs free energy vs surface
pressure plot to that of ideality behaviour.

Peaks in the compressibility vs surface pressure (C–π) curve
reflects the state of the Langmuir monolayer i.e. inherent phase
transition involved in the system. In the present case compressi-
bility were calculated using the formula C ¼ �1

A
dA
dπ

� �
, where A is the

area per molecule at the indicated surface pressure π [31]. The
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asymmetry of the peaks in (C–π) curves (Fig. 1d) clearly indicates
that phase transitions of DiI-SA mixed monolayers (XDiI¼0.4) are
dependent on the subphase temperature. The compressibility
curve corresponds to the 15 °C was less compressible than others
which indicated the formation of rigid monolayer at that tem-
perature. As a whole it has been observed that the interaction
between the constituent molecules in DiI-SA mixed (XDiI¼0.4)
monolayer at 15 °C temperature is quite different than that at
other subphase temperature. Our later studies also confirms that
15 °C subphase temperature is favorable for the formation of DiI
J-aggregate in DiI-SA mixed (XDiI¼0.4) LB films.

3.2. Effect of subphase temperature on J-aggregates

DiI solution absorption spectrum possesses prominent band
system within 450–600 nm region with distinct monomer peak at
around 562 nm and the vibronic component of the monomer at
524 nm [25]. Solution fluorescence spectrum possesses prominent
monomer band at around 574 nm. It has been observed that in LB
films DiI molecules form excimer resulting longer wavelength
broad structureless band at around 704 nm in the fluorescence
spectrum of DiI LB films [25]. However, DiI forms J-aggregate in
the LB films when DiI is mixed with a long chain fatty acid SA [25].

It has been observed that DiI-SA mixed LB films at DiI mole-
fraction of 0.4 (XDiI¼0.4) is ideal for formation of DiI J-aggregates
in LB monolayer films [25]. Now, in order to check the effect of
subphase temperature on the formation of J-aggregation, DiI-SA
(XDiI¼0.4) mixed LB monolayer films were prepared at different
subphase temperatures viz. 10 °C, 15 °C, 20 °C, 30 °C and 35 °C
keeping the spreading volume constant (60 μl).

Presence of J-band was observed at all the subphase tempera-
tures in the mixed monolayer and multilayer LB films (Fig. 2a and
b). For single layer LB film prominent J-band (597 nm) was
Fig. 2. (a) UV–vis absorption spectra of 1 layer DiI-SA mixed LB films prepared at differen
function of subphase temperature. (b) UV–vis absorption spectra of 10 layer DiI-SA mix
variation of J-band intensity as a function of subphase temperature.
observed for the films prepared at 10 °C to 30 °C subphase tem-
perature. Prominent high energy shoulder within 525–535 nm
regions, due to the vibronic component of monomer was also
observed for all cases [25]. However, for the film prepared at
subphase temperature 30 °C, the J-band decreases and at the same
time weak band at around 562 nm appears in the absorption
spectrum (Fig. 2a). On the other hand fluorescence spectrum of the
same film (prepared at 30 °C subphase temperature) shows broad
and structureless band at longer wavelength region (Fig. S1a). This
indicates the formation of DiI excimer in the LB film prepared at
30 °C subphase temperature [25]. The formation of excimer
becomes prominent for the film prepared at subphase tempera-
ture 35 °C, whereas, the J-band becomes very weak. Correspond-
ing fluorescence spectrum is shown in Fig. S1a of supporting
information. These were also confirmed from the deconvolution of
the absorption spectra. Deconvolution of spectra into several
Gaussian curves allows the adequate determination of different
species present in the spectra [32,33]. Calculated wavelengths for
the vibronic band, monomer and J-aggregate from the deconvo-
lution of absorption spectra are listed in Table 1. From the absor-
bance of J-aggregated band (Table S1), it was confirmed that the
most prominent J-aggregate band occurs at 15 °C. In case of 10
layer mixed LB films, J-aggregate band was present at all the
subphase temperatures and became intense for the film prepared
at subphase temperature 15 °C. These were confirmed from the
UV–vis absorption spectra (Fig. 2b) and corresponding fluores-
cence spectra (Fig. S1b).

It is relevant to mention that excimers are excited state dimers,
which exists in the excited state only. Accordingly excimeric spe-
cies affects the fluorescence spectra only and possess broad
structureless band in the longer wavelength region [19,25]. On the
other hand absorption being a ground state phenomenon remains
t subphase temperatures 10–35 °C. Inset shows the variation of J-band intensity as a
ed LB films prepared at different subphase temperatures 10–35 °C. Inset shows the



Table 1
Value of wavelength related to different components as obtained from the deconvolution of absorption spectra of DiI-SA mixed LB films prepared at different subphase
temperature.

Temperature (°C) 1 layer 10 layer

Vibronic band Monomer band J-band Vibronic band Monomer band J-band

10 524 – 597 524 – 597
15 524 – 597 524 – 597
20 524 562 597 524 562 597
30 524 562 597 524 562 597
35 524 562 597 524 562 597

Fig. 3. Relative decrease in J-aggregate absorbance (597 nm) of 1 layer and 10 layer
DiI-SA mixed LB films as a function of post heat treatment temperature.
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unaffected due to excimer formation and shows monomer band
only [19,25].

Several other authors also reported about the temperature
dependence of different dye J-aggregates [34–40]. Scheblykin et al.
[35] reported the increase in fluorescent quantum yield of THIATS
J-aggregates with the decrease in temperature from 130 to 4.2 K.
Kamalov et al. [36] also reported the temperature-dependent
radiative lifetime of carbocyanine BIC J-319 aggregates. The
emission quantum yield of BIC J-aggregates increased 4-fold when
temperature decreased from 80 to 20 K. Several other authors
have also studied the effects of temperature on J-aggregates and
demonstrated that relatively low temperature is best suited for J-
aggregate formation [37–40].

3.3. Effect of temperature on J-aggregate

In the previous section of this manuscript it is seen that pro-
minent DiI J-aggregates occurred in the DiI-SA (XDiI¼0.4) mixed LB
films prepared at subphase temperature 15 °C. For real time
application, it is very important to check the stability of such J-
aggregates onto ultrathin films prepared onto solid support.
Accordingly, mono- and multilayer of DiI-SA (XDiI¼0.4) mixed
films were prepared at subphase temperature 15 °C and their
stability were investigated. In order to check the heat resistance of
such DiI J-aggregate onto solid substrate, the DiI J-aggregate LB
films were exposed to heat at different temperatures for a certain
period of time (1 min). UV–visible absorption and steady state
fluorescence spectra were recorded just before and after the heat
treatment. Variation of J-aggregate within the temperature range
25 °C to 100 °C was observed. Fig. 3 shows the variation of relative
intensity of J-band as a function of temperature for both 1 and 10
layer LB films. Relative intensity was calculated from the absorp-
tion spectra. Corresponding absorption and fluorescence spectra
were shown in the supporting information (Fig. S2a–d). It was
observed that J-aggregates of DiI-SA mixed monolayer LB films
were thermally destroyed with transition to the monomer/exci-
mer after heat treatment. As the temperature increases, intensity
of J-band decreases and J-band becomes a weak hump at tem-
peratures above 70 °C for one layer mixed LB films. Afterward, it
gradually decreases and J-band becomes totally absent at 95 °C
and above. On the other hand 562 nm band starts to develop at
temperatures 65 °C onwards. Corresponding fluorescence spectra
(Fig. S2c) show that with decrease in J-aggregate band due to
increase in temperature, excimer band (broad and structureless
band at longer wavelength region) increases and beyond the
temperature 95 °C only excimer band exists. Deconvolution of
absorption spectra also replicates the same (Fig. S3a–c). That is the
intensity of J-band gradually decreases as the temperature
increases and subsequently disappears at temperature around
95 °C (Fig. S3a–c).

On the other hand for 10 layer LB films, J-band remained
present at almost all temperatures, though the intensity of J-
band gradually decreases and converted into a weak hump at
temperature 90 °C and above. In contrary the 562 nm absorption
band started appearing at the temperature 70 °C onwards fol-
lowing an increase in intensity with rise in temperature beyond
70 °C. Corresponding fluorescence spectra (Fig. S2d) reveals that
with increase in temperature excimer band (broad and struc-
tureless band at 704 nm) increases and J-aggregated band
(600 nm) decreases. Deconvolution of absorption spectra (Fig.
S3d–f) also supports this.

From Fig. 3 it is observed that for monolayer LB film J-aggregate
band intensity gradually decreases until it disappears. On the other
hand for 10 layers LB film, the J-aggregate band intensity remains
almost unchanged up to a temperature of 65 °C. Beyond this
temperature the J-band intensity gradually decreases. However, J-
band remains present for the film treated even at 100 °C. A closer
inspection to this revealed that the stability of J-aggregate against
the temperature is higher in case of 10 layer LB films. This suggests
that the temperature resistance for DiI J-aggregates can be
improved by increasing layer numbers/film thickness.

3.4. Effect of heat treatment time on the DiI J-aggregate in mixed LB
films

In the previous section of the manuscript effect of heat on DiI J-
aggregate were investigated keeping the DiI J-aggregate LB films at
different temperatures for fixed duration of time. Here we have
kept the DiI J-aggregate LB films at a particular temperature for
different time period. We have chosen 50 °C for this purpose. This
is because during real life practical applications, the surrounding
temperature or the room temperature could reach to a maximum
value of 50 °C in normal case. Therefore, it would be interesting to
check the stability of the DiI J-aggregate at temperature around
50 °C. Accordingly, DiI-SA (XDiI¼0.4) mixed LB films (1 layer and
10 layer) prepared at subphase temperature 15 °C were kept at
temperature 50 °C for different duration of time and the UV–vis
absorption and fluorescence spectra of the treated films were



Fig. 4. Relative decrease in J-aggregate absorbance (597 nm) of 1 layer and 10 layer
DiI-SA mixed LB films as a function of heat treatment time kept at 50 °C
temperature.
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measured. Variation of relative intensity as calculated from the
absorption spectra as a function of temperature for both 1 and 10
layer LB films is shown in Fig. 4. Corresponding UV–vis absorption
spectra and the fluorescence spectra were shown in the Fig. S4a–d
of supporting information.

Investigations showed that for 1 layer film, initially the J-
aggregated band intensity decreases with increase in treatment
time and excimeric species starts to develop in the films after
10 min. Beyond this both excimer and J-aggregate remained pre-
sent in the films. However, J-aggregated band totally disappeared
and only excimeric band remained present in the film kept at 50 °C
for a time period of 1 h or more. In that situation only DiI excimer
remained present into the monolayer LB films and DiI J-aggregates
totally destroyed in the LB films.

However, for multilayer LB films (10 layer), the signature is
quite interesting. Here DiI J-aggregate remained present even after
one hour heat treatment. Initially, the J-aggregated band intensity
decreases and after a time period of 20 min heat treatment, exci-
meric species starts to develop along with the J-aggregated spe-
cies. Here, J-aggregated band intensity dominates over excimeric
band intensity in all the cases. The plot of relative decrease in DiI J-
band intensity as a function of heat treatment time showed that in
monolayer LB film the J-band intensity almost diminishes after
one hour, however for multilayer films the J-band intensity
becomes almost stable in the heat treatment time ranging from
20 min to 1 h.

3.5. Aging effect

Stability of J-aggregate with the passage of time in LB films is
very important from application point of view. It is possible to
have SHG active films by forming J-aggregates in LB monolayer
[28], which may be suitable for various nonlinear optical devices
[16]. However, any organizational change in the films with the
passage of time is undesired for real time device application. It has
been observed that in certain cases molecular movement induced
organizational changes occurred in LB films [41]. Therefore, it is
extremely important to check the stability of DiI J-aggregate upon
elapse of time. For this purpose, DiI J-aggregates were prepared in
DiI-SA mixed mono and multi layer films and the UV–vis
absorption and fluorescence spectra of these films were measured
with the passages of time under ambient condition. Variation of
relative intensity as calculated from the absorption spectra as a
function of time for both 1 and 10 layer LB films is shown in Fig. 5.
Corresponding absorption and fluorescence spectra are shown in
Fig. S5a–d in supporting information.
It has been observed that for 1 layer LB film initially the
intensity of J-aggregated band (597 nm absorption band) decrea-
ses with the passage of time. After 24 h (one day) the excimeric
species starts to form in the film along with the decrease in the
intensity of the J-aggregated band. With further passage of time,
the intensity of excimeric species increases in the film. On the
other hand J-aggregated species decreases. After 27 days, the
J-aggregated band completely disappears and only excimeric
species exists in the monolayer LB films. Therefore, after 27 days,
complete transition of DiI molecules from J-aggregate to excimer
occurred in monolayer LB films. Deconvolution of absorption
spectra also supports the same.

On the other hand in case of multilayer LB films, the intensity
of J-aggregated band also decreases with the passage of time. But
the interesting thing is that J-aggregated species remained pre-
sent in all the cases even after 27 days. Also excimeric species
does not grow in the films, only J-aggregates were present in
case of multi layer LB films, which has been confirmed by both
fluorescence spectra (Fig. S5d) and deconvolution of absorption
spectra (Table S3).

Aging effect studies revealed that 1 layer J-aggregate film is not
that much stable. Therefore, it would be interesting to increase the
stability of DiI J-aggregate in the 1 layer DiI-SA mixed films. So, in
the quest of stabilization, two different methods were tried – (i) by
depositing the mixed film at a higher surface pressure and (ii) by
heat treatment (50 °C) of the film for five minutes. In the first step
the mixed monolayer film was deposited at a higher surface
pressure of 30 mN/m followed by the measurement of UV–vis
absorption and fluorescence spectra with the passage of time.
From the plot of J-band intensity as a function of time (Fig. 5),
significant improvement in the stability of J-aggregate has been
observed. Here the J-band intensity initially decrease but after 10
days it became almost constant (Fig. 5). Beyond 10 days no further
decreases in J-band intensity was observed. Also the degree of
initial decrease in J-band intensity was much lower than that in
the case of the film prepared at 15 mN/m surface pressure (Fig. 5).
Corresponding absorption spectra are shown in the Fig. S6 a of
supporting information.

In the second case the monolayer of DiI-SA mixed film depos-
ited at 15 mN/m surface pressure was kept at 50 °C temperature
for 5 min. After that the UV–vis absorption and fluorescence of the
treated film were checked with the passage of time. Most inter-
esting thing was that here the stability of J-aggregate in monolayer
LB film increases enormously. Plot of J-band absorption as a
function of time (Fig. 5) revealed that the J-band intensity does not
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decrease at all. Initially minute amount of decrease in J-band
absorption occurred within the first day. However after one
day the J-band intensity became constant and no further decrease
in J-band absorption occurred even after 200 days. Corresponding
absorption spectra are shown in Fig. S6b of supporting
information.
Fig. 6. (a) AFM image of 1 layer DiI-SA mixed LB films onto silicon substrate pre-
pared at 15 °C subphase temperature. The AFM image was measured immediately
after deposition. (b) AFM image of 1 layer DiI-SA mixed LB films onto silicon sub-
strate prepared at 15 °C subphase temperature. The AFM image was measured after
27 days of preparation.
3.6. Atomic force microscopy

In our previous investigation it was observed that AFM image
of DiI film possesses almost uniform surface with no definite
structure when excimer is formed in LB monolayer [25]. On
the other hand circular disk like nano domains were observed in
the LB monolayer when J-aggregate was formed [25]. These disks
were attributed to single domains or islands of DiI J-aggregate in
LB films [25]. In the present manuscript it has been observed that
nature of DiI J-aggregate in the DiI-SA (XDiI¼0.4) mixed LB films
changes under various condition. Spectroscopic studies revealed
that either J-aggregate intensity decreases or converted into
excimer. Accordingly to have visual evidence of these changes, DiI-
SA mixed LB films were studied using Atomic Force Microscopy.

Here, DiI-SA mixed monolayer prepared at different subphase
temperatures was investigated using AFM. It has been observed
that number of nano-disk (J-aggregated domains) increases for the
film prepared at lower subphase temperature 15 °C (Fig. 6a). In
order to check the change in film morphology with the passage of
time, AFM image of the same film was measured on a regular
interval. Interestingly, it has been observed that the number and
size of J-aggregate domains decrease with passage of time. J-
aggregate nano domains almost disappeared when the AFM image
of the same film was measured after 27 days (Fig. 6b). Our pre-
vious spectroscopic studies also support this. It has been observed
that for DiI-SA mixed monolayer film, DiI J-aggregate totally dis-
appears after 27 days and only DiI excimer were present.

AFM image of DiI-SA mixed LB film (having DiI J-aggregate)
were also taken after heat treatment of DiI J-aggregate film at
different temperature. Corresponding AFM images were shown
in Fig. S7 of supporting information. AFM image of untreated DiI-
SA mixed monolayer (Fig. S7a) show the presence of J-aggregate
domains. When the film was treated with heat at different
temperatures, change in the morphology was observed. It has
been observed that initially J-aggregate domains were affected
due to heat treatment (Fig. S7b). Consequently the size of the
J-aggregate domains decreased and the nature of the aggregate
changes to excimer (Fig. S7c). Finally for the film treated at
around 100 °C temperature, possess the surface morphology
similar to that of DiI excimer (Fig. S7d) [25]. Almost all the films
were covered with uniform surfaces with no definite structure.
Previous spectroscopic investigation of the DiI J-aggregate film
(DiI-SA mixed monolayer) treated at different temperatures also
supports the same.

In the previous section of the manuscript it was observed that
the stability of DiI J-aggregate in the DiI-SA mixed monolayer film
can be increased by heat treatment of the film for 5 min at a
temperature of 50 °C. In order to have visual evidence of the same,
DiI-SA mixed monolayer film (having J-aggregate) were exposed to
50 °C for 5 min and kept for several days in a dark cool place
followed by AFM measurement periodically.

It has been observed that even after 200 days the film possess
definite structure of circular shaped J-aggregated domains
(Fig. S7e). Spectroscopic results also showed the presence of strong
almost unchanged J-aggregate band after 200 days.
4. Discussion

Spectroscopic properties of J-aggregate in ultrathin films were
found to be strongly temperature dependent. It has been observed
that upon lowering of temperature absorption and fluorescence
bands became narrower [42], enhancement of fluorescence
quantum yield below 100 K [35,43], increase in size of the delo-
calized excitons [40] etc. Four fold increase in quantum yield of a
carbocyanine dye J-aggregate was observed when temperature
decreased from 80 K to 20 K [36]. Strong J-aggregate of a cyanine
bromide derivative was formed at temperature below 210 K [44].
Our group has investigated the temperature dependence of a
thiacyanine derivative within temperature range from 25 °C to
15 °C and most prominent J-aggregate was observed for the film
prepared at 15 °C [28]. In general at low temperature J-aggregate
becomes prominent [28,40,42]. At low temperature range number
of molecules comes very close to each other and form aggregate,
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which results in a strong J-aggregate band in both absorption and
emission spectra [44]. Non-radiative relaxation rate decreased at
low temperature due to the reduction of the non-radiative rota-
tional, vibrational and collisional process [44]. As a result
J-aggregate band becomes prominent. Observed slight variation in
the area per molecule in the lower region of π–A isotherm as well
as calculated values of excess area, excess Gibbs free energy and
compressibility measured at various subphase temperature also
suggests the change in the molecular level interaction within the
floating monolayer measured at different temperature.

Idea about the coherent size of J-aggregate is very important as
the nonlinear application of J-aggregates is largely influenced
by the spectroscopic aggregation number [45]. In order to quantify
the effect of subphase temperature on the J-aggregate, the spec-
troscopic aggregation number or the coherent size for the LB films
prepared at different subphase temperatures were calculated from
the spectroscopic data [25].

The coherent size or spectroscopic aggregation number of
J-aggregate can be easily estimated from the full width half max-
ima (fwhm) of the absorption band of the monomer (Δν1/2(M))
and the J-aggregate (Δν1/2( J)) by using the following equation
[45,46].

N1=2 ¼Δν1=2 Mð Þ=Δν1=2 Jð Þ

Estimated values of aggregation numbers (Table 2) reveals that
the coherent size of J-aggregates systematically increases with
decrease in subphase temperature, which are in well agreement
with the observed results that J-aggregate was predominant at
lower subphase temperature. Also the calculated values of coher-
ent sizes/aggregation numbers of the J-aggregates for LB films
under different conditions suggest that the aggregation numbers
are higher when the extent of J-aggregation is larger and vice
versa (all the values of calculated aggregation numbers are listed
in Table S3 of supporting information).

Observed decrease in the J-band intensity in the LB films with
increase in temperature may be due to the fact that at higher
temperature, dissociation of DiI aggregates occurred in the LB
films. The extent of this dissociation increases with increase in
temperature. It is important to mention in this context that dis-
ruption of amino nitrobenzene moiety aggregates in the spin cast
film due to thermal treatment and light irradiation was also
observed [47]. Pseudoiso cyanine J-aggregates decayed to mono-
mer in ultra thin films at high temperature [48]. Merocyanine J-
aggregate dissociated with simultaneous increase in monomer
band on heating [49].

However, at higher number of layered LB films the energy
required to dissociate the DiI J-aggregate is higher than that in
case of 1 layer films. Accordingly, J-aggregate in 10 layer LB film
showed more resistance towards temperature compared to that in
1 layer LB films. Thermochromism in the azo dye J-aggregate in LB
films were observed, where it was reported that stacking of the
Table 2
Aggregation Number i.e. the Coherent Size of J-aggregates as calculated from
absorption spectra of LB films prepared at different subphase temperatures (cor-
responding spectra were shown in Fig. 2a and b).

Temperature Aggregation number

1 Layer 10 Layer

10 3.21 3.22
15 3.39 3.43
20 3.14 3.34
30 2.72 3.12
35 2.54 2.87
chromophore during heat treatment plays an important role [50].
Due to heat treatment merocyanine dye J-aggregate decayed in the
merocyanine – Arachidic acid mixed LB film [51]. Increase in
thermal mobility of the hydrocarbon chain of the dye molecule
and the disruption of the chelation by a cadmium ion to the dye
keto group were responsible for such dissociation of J-aggregate
after heating [51]. In the present case the increase in thermal
mobility of hydrocarbon chain is restricted in multilayer LB films
thereby increasing the stability of DiI J-aggregates in 10 layer DiI-
SA mixed LB films.

It has also been observed that the stability of the J-aggregates
in monolayer film may be enhanced by increasing the surface
pressure during film formation using LB technique. This may be
due to increased packing density of the molecules due to increase
in surface pressure of film deposition [52]. It may be mentioned
in this context that the stability of certain aggregated species in
ultra thin film is due to the molecular movement or change in
orientation in ultra thin film with passage of time or under var-
ious condition [53]. Both rotational and translational movement
of molecules in LB films may take place based on change in
microenvironment leading to the change in the nature of aggre-
gation [54].

On the other hand the packing density of the molecules
assembled onto LB monolayer can be easily controlled by changing
the surface pressure of film deposition [55]. Upon the increase in
surface pressure of film deposition, molecules are more closely
packed onto the film. Therefore, it is possible to restrict the
molecular movement or change in orientation in the LB monolayer
by increasing the surface pressure of film deposition. In the pre-
sent case the enhanced packing density or change in orientation
during film preparation at high surface pressure may oppose any
further change or molecular movement in ultrathin film after film
deposition leading to an increase in stability of DiI J-aggregate.

Significant increase in stability of DiI J-aggregate was observed
by keeping the DiI-SA monolayer film at 50 °C for 5 min. This
suggest that due to heat treatment molecules in the DiI-SA mixed
LB monolayer reorient to a certain extent without changing the
nature of aggregation. There are several examples of such heat
induced reorientation of molecules in ultrathin films [56]. It has
been observed that water molecules exist in the LB film [57]. With
the passage of time, water molecule dry out leading to empty
space in the film. Accordingly molecular movement or reorienta-
tion may occur, resulting change in aggregation [58]. However, due
to heat treatment water molecules dry out from the film and the
molecules in the films become compact. As a result the molecules
attain stable conformation in the film, which opposes any further
change or molecular movement in the film with passage of time.

It is also interesting to note that DiI may exist in two diaster-
eomeric forms, which are E and Z isomers. Generally E isomers are
more stable than the Z isomers [59]. In the E isomers the het-
erocyclic ring of DiI molecules do not remain in one plane. Here
the two alkyl chains do not lie in same plane. On the other hand in
Z form the whole heterocyclic ring of DiI lie in one plane and the
two alkyl chain also lie in another plane. As a result unfavorable
steric interaction between the substituent in the Z isomer is more.
Also E isomer has a less exothermic heat of combustion, indicating
higher thermo-chemical stability [60,61].

Generally, flow of heat in any system increases the entropy of
the system, which implies disorder of the system i.e. decrease in
the stability [60]. Accordingly, the complex film of DiI-SA should
be unstable when temperature is increased. Our experimental
results also showed that increase in temperature leads to decrease
in the extent of DiI J-aggregates in mixed LB films. But interest-
ingly it has been observed that the stability of DiI J-aggregate in
the DiI-SA mixed LB monolayer can be improved by heat treat-
ment (DiI J-aggregate film was placed at 50 °C for 5 min). This is



Fig. 7. Schematic representation of DiI-SA complex onto LB monolayer (a) untreated film (b) for the film treated at 50 °C for 5 min.
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only possible when conformational change of the molecules
occurred in the DiI-SA mixed films due to heat treatment. We
assume that at ambient condition DiI may exist as E isomers (as it
is most stable due to less Steric hindrance between the sub-
stituents). However, after heat treatment conformational change
of DiI molecule occurred in the mixed films and DiI molecules
converted to Z isomer, where the heterocyclic ring of DiI remain in
one plane and the two alkyl chain remains in another plane [62].
As a whole three alkyl chains (two of DiI and one of SA) remain in
almost one plane, whereas, the heterocyclic ring on the other
plane. Thus in DiI-SA complex the three alkyl chain acts as the
hydrophobic part and the heterocyclic ring together with the –

COOH group of SA act as hydrophilic part in the complex system.
As a whole amphiphatic balance between the hydrophobic part
and hydrophilic part increases in the DiI-SA complex system after
heat treatment. This increase in amphiphatic balance in turn
causes an increase in stability of DiI J-aggregate in DiI-SA mixed
monolayer. In order to confirm this we have prepared LB films of
DiI-fatty acid with varying chain length. Two fatty acids have been
used viz. Palmitic acid (Chain length¼15) and Arachidic acid
(Chain length¼19).

It has been observed that the stability of DiI J-aggregate is
higher for the one formed with fatty acid of higher chain length
(Fig. S8). Also the stability of DiI J-aggregate lowered in the mixed
LB film prepared with fatty acid having shorter chain length
(Fig. S11). This result justifies the assumption that the increased
amphiphatic balance in the DiI-SA mixed LB films due to con-
formational change after heat treatment is responsible for the
improvement in the DiI J-aggregate stability. A schematic repre-
sentation of DiI-SA complex on to untreated and treated LB
monolayer has been shown in Fig. 7. However, more detail study is
required to exactly relate the DiI J-aggregate stability with the
fatty acid chain length. Investigation in this regard is going on in
our laboratory.
5. Conclusion

The stability behaviour of DiI J-aggregate in SA mixed
(XDiI¼0.4) LB mono- and multilayer films under different condi-
tion were investigated. Variation in the area per molecule at lower
surface pressure as well as lift-off area for the DiI-SA mixed
(XDiI¼0.4) film at different subphase temperature indicates the
change in molecular level interaction with subphase temperature
in the mixed monolayer. Analysis of excess area, excess Gibbs free
energy as well as compressibility of the mixed monolayer suggests
that the interaction between the constituent molecules in DiI-SA
mixed (XDiI¼0.4) monolayer at 15 °C temperature is quite different
than that at other subphase temperature. Variation of subphase
temperature during LB film formation revealed that J-aggregation
in LB film increases with the decrease in subphase temperature
and maximum J-aggregate occurred at 15 °C subphase tempera-
ture. Post heat treatment of J-aggregate in LB films showed that
mono-layer is less stable with respect to multi layer J-aggregate.
Transition from J-aggregate to excimer has been demonstrated by
the observed decrease in J-aggregate band and calculated value of
the coherent size as well as deconvolution spectra. AFM imaging
revealed disappearance of disk like J-aggregate domains for the
films treated at higher temperature. DiI J-aggregate was also found
to decay with the increase in the heat exposure time. With the
passage of time transition from J-aggregate to excimer occurred in
the mono- and multilayer LB films. Total transition from J-
aggregate to excimer occurred in monolayer films after 27 days,
whereas, the transition was partial in multilayer films. In an effort
to increase the stability of DiI J-aggregate in monolayer films it has
been observed that stability can be increased by two ways –

(i) increasing the deposition pressure of the DiI-SA mixed LB films
(ii) exposing the films at 50 °C for 5 min. It has been observed that
after heat treatment the DiI J-aggregate remained almost stable
even after 200 days. AFM investigations gave the compelling visual
evidences of the same. Therefore, we have quantified the
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optimized condition to stabilize the DiI J-aggregate in monolayer
LB film which is very important for technological application.
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