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In this article the Fluorescence resonance energy transfer (FRET) between two important cationic dyes
namely Acridine Orange (AO) and Rhodamine B (RhB) in aqueous solution in presence and absence of
montmorillonite (MMT) is demonstrated. The energy transfer is also studied in ethanolic solution.
Excited state energy migration is occurred from AO to RhB molecules and the extent of energy transfer
efficiency linearly increases with increase in RhB concentration in the solution. Interestingly the incorpo-
ration of MMT clay significantly increases the energy transfer efficiencies between the dye pair in the
solution but the nature of interaction depends on the clay concentrations studied in the present work.
The nature of quenching of steady state fluorescence emission of AO in presence of RhB as well as
MMT clay in the mixed ensemble is systematically investigated and further confirmed by Time-
resolved fluorescence and temperature-dependent steady state fluorescence emission experiments. AO
and RhB dye molecules formed ground state complex with MMT clay followed by static quenching. As
the clay platelets successfully control the FRET efficiency and it is also well known that MMT clay can
host wide diversity of molecular species therefore, the present studies may provide a new insight for
the design and the development of FRET-based molecular sensors.
� 2020 Elsevier Ltd. All rights reserved.
Selection and Peer-review under responsibility of the scientific committee of the Third International Con-
ference on Materials Science (ICMS2020).
1. Introduction

Fluorescence or Froster resonance energy transfer abbreviated
as FRET is an excited state photophysical process which has wide-
spread interest to explore many biological system as well as vari-
ous molecular recognition processes [1]. It was first described in
50 years ago [1] and recently has drawn great attention among
the researchers in various fields of research [2–4]. FRET is a
distance-dependent phenomenon by which energy is transformed
non-radiatively from an electronically excited molecular fluo-
rophore (donor) to another neighbouring fluorophore (acceptor)
by means of intermolecular long range dipole–dipole coupling
[5]. That is an oscillating molecular dipole can interact and
exchange energy with another dipole having similar resonance fre-
quency. The FRET can be an accurate measurement of molecular
proximity at angstrom order distance i.e. 10–100 Å [6]. The extent
of this energy migration between the molecular fluorophores also
depends on various parameters namely nature of solvent, microen-
vironment such as pH, ionic concentration, temperature etc. [7–9].
However, the main pre-requisite for FERT to occur is the sufficient
spectral overlap of absorption spectrum of the acceptor and emis-
sion spectrum of the donor molecules.

Various interesting nanomaterials play significant role for the
control of FRET efficiency between organic materials such as dye
molecules [10]. Among those, clay nanoplatelets are already
attracted great interest in this direction [7]. These are the inorganic
nanolaminates which belong to the smectite group of materials
and are most abundant in nature. Clays possess high surface to vol-
ume ratio, high cation exchange capacity (CEC) and can support a
wide variety of organic compounds [11–13] with their unique
physical and physicochemical properties [14]. The clay materials
have the specific layered structures and therefore they can easily
be exfoliated in aqueous medium to prepare a stable colloidal dis-
persion [15]. Also it is already reported that clay can efficiently
etween
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control the aggregation behaviour of various cationic organic dye
molecules in different environment [13,16]. Therefore, if two dye
molecules (acceptor and donor) come close proximity in the host
clay surface, they can exchange excited state energy via resonance
interaction when excited by a light of suitable wavelength [17].
Some researchers found that FRET efficiency between organic dyes
organized in Langmuir-Blodgett films was enhanced in presence
clay nanosheets [18]. However, the aggregation of dye molecules
on the clay surface may reduce the rate of energy transfer due to
reduction in monomeric emission of the donor and acceptor
molecules.

In this present article, we have systematically studied the FRET
process between two important cationic dyes namely Acridine
Orange (AO) and Rhodamine B (RhB) in aqueous medium as well
as ethanol solution. The effect of nanoclay montmorillonite (abbre-
viated as MMT) on the FRET efficiency between AO and RhB in an
aqueous environment is also explored. MMT is a well-studied clay
and belongs to the class of 2:1 phyliosilicates i.e. smectite type of
clay. This type of clays is formed by one octahedral sheet sand-
wiched between the two tetrahedral sheets per clay layer and
sheets contain various exchangeable cations within their layered
structures. Other commonly used smectites are laponite, saponite
etc. [18] but MMT is differentiated by isomorphic substitution of
Al3+ ions in the inner octahedral sheet for Mg2+. AO and RhB are
highly fluorescent and suitable for FRET process to occur as the flu-
orescence emission of AO shows sufficient spectral overlap with
the optical absorption spectrum of RhB and it therefore enables
their resonance interaction after photoexcitation in mixed solu-
tion. The excitonic energy transfer between these organic dyes
has already been demonstrated elsewhere [19], however, the effect
on MMT clay on the FRET process for AO-RhB dye pair is not yet
studied as far as our knowledge is concerned. The quantitative
determination of energy transfer efficiency as a function of MMT
clay concentration is studied by means of UV–Vis absorption and
steady state fluorescence emission spectroscopy. Also the nature
of quenching and the binding of dye molecules on the clay surface
is further studied by Time-resolved Fluorescence study and tem-
perature dependent fluorescence emission technique respectively.
2. Experimental

2.1. Materials

Acridine Orange (AO), Rhodamine B (RhB) and montmorillonite
clay (MMT) powder were purchased from Aldrich Chemical Co.,
USA and were used without further purification. However, their
purities were checked by UV–vis absorption and FTIR techniques
before use in the experiment. The surface area of the clay is around
250 m2/g. Triple distilled deionized Milli-Q water (Resistivity
�18.2 MX-cm) was prepared by Type-II Lab water purification sys-
tem (Synergy Plus equipped with Elix Advantage, Millipore SAS,
France) and was used to prepare all the aqueous solution for the
experiment. Desired amount of MMT clay was dispersed on to
Milli-Q water in a beaker and then was rigorously stirred by a mag-
netic stirrer at ambient condition for 48 h. The clay aqueous dis-
persion was also subsequently ultrasonicated prior to their use
for spectroscopic measurements.
Fig. 1. Spectral overlap between fluorescence emission spectrum of AO and UV–vis
absorption spectrum of RhB. Inset shows the chemical structure of (a) AO and (b)
RhB.
2.2. Characterizations

UV–vis absorption and steady state fluorescence emission spec-
tra of the samples were recorded using rectangular quartz cells of
1 cm path length by means of a dual beam absorption spectropho-
tometer (UV 1800, Shimadzu, Japan) and fluorescence spectropho-
tometer (Fluoromax-4C, Horiba scientific incorporated, USA),
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respectively. For fluorescence emission measurements both the
excitation and emission slit-widths were maintained at 2 mm
throughout the experiment. For temperature-dependent fluores-
cence studies, the samples were placed at the sample compart-
ment which is connected to a computer-controlled Horiba make
Peltier system to vary the temperatures. Time-resolved fluores-
cence measurement was carried out by the time-correlated
single-photon counting (TCSPC) method using a Horiba Jobin Yvon
make time-resolved spectrophotometer (Fluorolog-3) to obtain the
fluorescent lifetime data in aqueous environment. The samples
were excited at 425 nm using a picosecond diode laser. The typical
full width at half-maximum (FWHM) of the system response is
about 238 ps. The channel width is 12 ps/channel. The fluorescence
decay data were collected over 200 channels which were cali-
brated on a non-linear time scale with increasing time according
to an arithmetic progression with a Hamamatsu photomultiplier
tube (R928P). The raw decay curves were deconvoluted and fitted
using IBH DAS6 software. The goodness of fit has been assessed
over the full decay including the rising edge with the help of statis-
tical parameters v2 and Durbin Watson (DW).
3. Results and discussions

3.1. UV–Vis absorption and Steady-State fluorescence studies

Fig. 1 shows the area-normalized UV–Vis absorption and steady
state fluorescence emission spectra of both AO and RhB dyes in
aqueous solution respectively. The molecular structures of the dyes
used in this work are shown in the inset of Fig. 1. Pure AO solution
gives strong monomeric absorption band at around 490 nm along
with a very weak shoulder centered at 470 nm and is consistent
with the results reported elsewhere [20,21]. The weak shoulder
at 470 nm is due to the presence of some dimeric species of AO
molecule but their mean number should be very less compared
to dye monomers at very low concentration of solution although
they can increase with concentration as already previously
reported in the literature [20]. The fluorescence emission spectra
(curve 2) gives the characteristic monomeric emission band maxi-
mum at around 525 nm after photoexcitation at the wavelength of
425 nm. On the other hand, absorption spectrum of RhB (curve 3)
shows the characteristic monomeric band with peak at around
ntmorillonite clay on the fluorescence resonance energy transfer between
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575 nm which is due to the transition of 0–0 electronic vibrational
states and a weak hump at around 520 nm. This weak hump is
basically ascribed to 0–1 vibronic transition [22]. However, the
manifestation of their molecular interactions are associated with
the blue or red shift of the absorption bands as already reported
in the literature [23]. Depending upon the nature of interactions
and their relative orientation, H- or J-type molecular dimers are
formed corresponding to the predominance of absorption band
intensity at 531 nm.

From Fig. 1 it is also interesting to note that the emission spec-
trum of AO and absorption spectrum of RhB has sufficient spectral
overlap which is an initial prediction of the possibility of Froster
resonance energy transfer (FRET) between them. That is AO can
act as donor to transfer its excited states energy to RhB molecules
which is presumed as the acceptor molecules for this type of non-
radiative energy migration. However, the other factors such as rel-
ative distance (1–10 nm) between the donor and acceptor mole-
cules, nature of the surrounding solvent medium etc. are also
important criteria for FRET to occur between the fluorophores.
3.2. FRET study between AO and RhB in solution

To investigate the excited state energy migration from AO to
RhB dye molecules via FRET the fluorescence emission spectra of
AO, RhB and their mixed aqueous solution were recorded. The
donor molecules (AO) was excited at 425 nm in order to minimize
the direct excitation of acceptor molecules (RhB). That is a negligi-
bly small fraction of RhB molecules might have excited at such
wavelength. Fig. 2A shows the fluorescence emission spectra of
pure AO aqueous solution along with that of AO/RhB mixed
(1:1 vol ratio) aqueous solution for various concentration of RhB
at fixed pH of 7.0 of the solvent medium. The concentration of
AO in the mixed solution was constant i.e. 5 � 10�6 M in all the
cases. The emission band observed at 525 nm as shown in the fig-
ure (see dashed curve) is originated from AO monomeric species
present in the solution. But interestingly the intensity of this band
decreases gradually for AO/RhB mixed solution (with increase in
RhB concentration) when compared to the emission band of RhB
dye monomers in the mixed solution. This sequential quenching
of fluorescence emission intensity of 525 nm band (AO) is possibly
due to the excited state energy transfer via a non-radiative process
Fig. 2. Steady state fluorescence emission spectra of pure AO, and AO/RhB mixed solutio
Concentration of AO was 5 � 10�6 M and was constant for all the mixed solutions.
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i.e. FRET from excited AO molecules to RhB molecules as there was
sufficient overlap between the absorption spectrum of RhB and
emission spectrum of AO in aqueous solution. However, this
excited state interaction also depends upon the relative orientation
of the molecular dipoles and distance between the dye monomer
units in the solution after excitation by a suitable wavelength. Dur-
ing photoexcitation, the excited dipoles of AO interacts with RhB
molecules which receives energy from electronically excited AO
molecules due to long-range dipole–dipole interaction. This even-
tually results an increase of excited states energy of RhB molecules
leading to the enhancement of steady state fluorescence intensity
of the band at 575 nm (Fig. 2) in the mixed solution.

To confirm the resonance interaction between the individual
excited molecular dipoles of AO and RhB, the excitation spectrum
of AO/RhB mixed solution was recorded (figure not shown) while
monitoring the fluorescence emission at wavelengths of 525 nm
and 575 nm. It was observed that this excitation spectrum was
more or less similar to that of pure AO excitation spectrum which
also resembles the absorption bands of AO monomers. This study
further confirms that the increase of fluorescence intensity at
575 nm was possibly due to the migration of excited state energy
of AO to RhB molecules via a resonance interaction between them.
To quantify such a non-radiative energy transfer with sequential
increase in acceptor (RhB) concentration, we have outlined here
some fundamental theoretical consideration. The first quantitative
explanation behind the FRET process was proposed by Froster [24]
based on some initial idea of dipole–dipole interaction as sug-
gested by Perrin [25]. The rate of this non-radiative energy transfer
according to Froster may be written as:

kT ¼ 1
sD

R0

r

� �6

ð1Þ

where R0 is the Froster distance and it depends on the spectral over-
lap area of the donor emission and acceptor absorption spectrum.
kTðrÞ is the energy transfer rate, sD is the fluorescence lifetime of
donor and r is the distance between donor and acceptor for a partic-
ular donor–acceptor pair at any given condition. r = Ro corresponds
to the energy transfer efficiency as 50% and the fluorescence emis-
sion of donor would become 1/2 of its initial intensity in absence of
the acceptor molecules. The Froster radius Ro is defined by the fol-
lowing equation:
n (1:1 vol ratio) in water (A) and ethanol (B) with different concentrations of RhB.
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Ro
6 ¼ 9000ðln 10Þk2/D
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0

FD kð ÞeAðkÞk4dk ð2Þ

Where FD is the normalized fluorescence intensity of the donor
molecules at any particular concentration for which FRET is
occurred. eAðkÞis the molar extinction coefficient of the acceptor, k
is the wavelength in nm. /Dis the fluorescence quantum yield of
the donor (AO in our study), n being the refractive index of the med-
ium of solution, k is the orientation factor of the transition dipole
moment for the interaction between donor and acceptor molecules;
N is the Avagadro number.

The amount of energy transfer is also dependent on the extent
of spectral overlap integral, J(k) which is basically the integral part
of Eq. (2) i.e.

J kð Þ ¼
Z 1

0

FD kð Þ�AðkÞk4dk ð3Þ

Therefore, the expression for Ro can now be written as:

R0 ¼ 0:2108 k2n�4/DJ kð Þ
h i1=6

ð4Þ

where Ro is expressed in units of Å.
The FRET efficiency can be written as:

E ¼ kTðrÞ
kT rð Þ þ sD�1 ¼ sDkTðrÞ

1þ sDkTðrÞ ð5Þ

The excited donor molecules may be deactivated in number of
photophysical pathways i.e. collision, thermal dissipation, energy
transfer, electron or proton transfer etc. So equation (5) is basically
the fraction of the transfer rate to the total deactivation rate of the
donor. From equation (1) and (5) the expression of E is defined as:

E ¼ R0
6

R0
6 þ r6

ð6Þ

We can also write an equivalent equation for the efficiency FRET
between donor and acceptor as:

E ¼ 1� FDA

FD
ð7Þ

where FDA is the relative fluorescence emission intensity of donor
molecules when mixed with acceptor molecules at a particular con-
centration and FD is that in absence of acceptor molecules in the
same medium.

The fluorescence quantum yield /D of the donor fluorephores in
absence of acceptor are estimated using standard theory as already
published elsewhere [26]. /D for AO is calculated as 0.27 in aque-
ous solution and is consistent with the previously reported results
[27]. The orientation of the transition dipole moment between
donor and acceptor is also an essential factor for the fluoresce
quenching of donor via FRET as described earlier. This factor actu-
ally depends upon the angle between the transition dipole moment
of donor and acceptor molecules as well as the angle between
these two dipole moments with the line joining their centres [28].

Therefore, using the above theoretical consideration the FRET
efficiency along with all other FRET parameters for AO-RhB dye
pairs have been estimated and is summarized in Table 1.

We have also studied the FRET between AO and RhB using etha-
nol as the solvent. Ethanol is less polar compared to water and
therefore it is anticipated that it might have some direct impact
on the FRET process between these two cationic organic dyes.
Fig. 2B shows fluorescence emission spectra of mixed ethanolic
solution of AO and RhB along with that of the pure AO. Concentra-
tions of AO and RhB were same as in the case of FRET study in
aqueous environment. The fluorescence emission spectrum of pure
AO in ethanol solution shows the intense monomeric peak at
Please cite this article as: U. Chakraborty, P. Maiti, T. Singha et al., Effect of mo
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around 517 nm which is somewhat blue shifted compared to that
in aqueous solution. The excitation wavelength was 425 nm. This
shift of fluorescence spectrum may be attributed to an excitation
in the lowest excited singlet states in the photoexcited molecules
with relatively greater dipole moment than the ground electronic
states. It is also evident from Fig. 2B that with increase in RhB con-
centration in the mixed solution the emission intensity at 517 nm
is gradually decreased with sequential increase of emission band
intensity at 567 nm. These observations suggest that FRET process
induced quenching of AO fluorescence emission in mixed ethanol
solution. The Froster radius, intermolecular distance and the
energy transfer efficiencies at various concentrations of RhB are
also summarized in Table 1. It is clearly observed that the FRET
efficiency is much higher in aqueous environment than that in
ethanol solution. This result basically implies that the excited state
dipole interaction essentially depends on the polarity of the sol-
vent i.e., more polar the environment more is the energy migration
from donor to the acceptor moieties. Also the FRET here is more
pronounced at shorter distances (10–100 Å) between the partici-
pating molecular entities.

3.3. Effect of clay on the energy transfer between AO and RhB

The effect of clay mineral montmorillonite (MMT) on the fluo-
rescence resonance energy transfer between AO and RhB in the
aqueous environment has been studied in the present work for
various clay concentrations. The negatively charged clay is used
as the host platform on which the cationic dyes are adsorbed via
electrostatic interaction. Therefore, to confirm the FRET we first
recorded the steady state fluorescence emission spectra of pure
AO, pure RhB in the aqueous MMT clay dispersion. It is observed
that the shape of their emission spectra are similar except some
change of the intensity distribution when compared to that of
aqueous solution of dyes in absence of clay. The unaltered emission
band at 525 nm and 575 nm for AO and RhB respectively in the
mixture may resemble the presence of monomer unit of dye mole-
cules while adsorption onto clay surfaces. The slight decrease in
emission intensity is only due to their adsorption onto the clay sur-
face, but not due to any self-quenching of dye molecules as no
decrease of emission was observed for dye with higher concentra-
tions in the same clay dispersion. Some researchers [29] reported
that the reduction of fluorescence intensity is attributed to the
light scattering by the inorganic clay nanosheets in their aqueous
dispersion. So in our experiment the scattering of light might have
contributed to fluorescence quenching of AO in RhB/clay aqueous
dispersion. Then we measured the emission spectra of AO/RhB
mixed solution (1:1 vol ratio) with various concentrations of RhB
(similar as before) in presence of clay nanoplatelets. The clay con-
centration was considered as 2 ppm and 4 ppm in each set of
experiment and the corresponding emission spectra are shown in
Fig. 3A and B.

From Fig. 3A and B it is clearly observed that the fluorescence
emission band at 525 nm (AO) for the mixed ensemble in the aque-
ous clay dispersion decreases gradually with increase in RhB con-
centrations and correspondingly the emission intensity at
575 nm increases. For both the clay concentrations (2 ppm and
4 ppm) this systematic manifestation of emission intensity corre-
sponds an energy transfer process due to the resonance coupling
of the oscillating dipoles of the excited fluorophores. The efficiency
of this energy migration from donor to acceptor molecules in pres-
ence of clay nanoplatelets is summarised in Table 2. Interestingly
the presence of clay in the mixed dye solution enhanced the energy
transfer efficiency at lower concentrations of RhB in the solution,
but in higher concentrations it is less in absence of clay. Addition-
ally, the Froster radius in presence of clay is somewhat decreased
when compared to that of AO-RhB mixed solution without clay.
ntmorillonite clay on the fluorescence resonance energy transfer between
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Table 1
Average overlap integral (J(k)), Fröster distance (Ro), energy transfer efficiency (E) and center to center distance (r) between AO &RhB of different concentrations of RhB in water &
ethanol solvent.

Acceptor solution In water: J(k) = 3.89483 � 1015 nm4 M�1

cm�1 (Ro = 34.705 Å)
In ethanol: J(k) = 5.47293 � 1015nm4 M�1

cm�1 (R o = 54.32 Å)

Concentration of RhB (M) E (%) r (Å) E (%) r (Å)

10�7 10 49.60 1 116.83
2 � 10�7 11 49.17 2 103.91
5 � 10�7 12 48.37 5 88.73
7 � 10�7 13 47.64 4 92.26
10�6 14 46.97 6 85.92
2 � 10�6 21 42.98 9 79.87
4 � 10�6 24 42.06 7 83.60
6 � 10�6 26.5 41.14 12 75.71
8 � 10�6 34 38.76 25 65.23
10�5 43 36.37 32 61.59
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The distances between FRET pair at every RhB concentration are
also gradually decreased compared to that in absence of clay,
which facilitate enhanced rate of energy transfer between AO
and RhB in aqueous clay dispersion. It is important to emphasize
here that smectite type of clay particulates have negative charge
on their layered surface and is generally balanced due to the pres-
ence of cations namely Na, Ca, Mg and H in the interlayer region. In
aqueous dispersion these cations are displaced due to swelling
properly and effectively individual clay nanosheets become nega-
tively charged. Here in this work both AO and RhB are cationic dyes
and become positively charged in their aqueous solution. As a
result, when mixed with clay dispersion they could eventually
adsorbed onto the clay surface due to their cation exchange prop-
erties. Also due to the adsorption of dye molecules onto the clay
surfaces they are more restricted and come closer to each other
compared to solution where they are relatively free resulting the
increase of FRET efficiency due to strong intermolecular dipolar
coupling between donor and acceptor. Therefore, it can be con-
ducted that the MMT plays an important role to assemble the
dye molecules at their surfaces resulting a noticeable decrease of
intermolecular separation of AO and RhB. This in turn favours the
condition of more efficient energy migration in the excited state
of the dye molecules. It is also interesting that the energy transfer
between AO and RhB in their dilute aqueous solution in presence of
clay nanoparticles is appreciable because the donor–acceptor dis-
tance lies in the range 10–100 Å for all clay concentrations used
in this study and the distance gradually decreases with increase
in clay concentrations.

We have already seen that the energy transfer efficiency is lar-
gely influenced by the amount of clay in the AO/RhB mixed solu-
tion. However, it is also significant that the FRET efficiency
depends on the acceptor (RhB) concentration for particular fixed
concentration of donor AO and MMT clay. From Table 2 it is fur-
ther clear that for RhB concentration of 8 � 10�6 the FRET effi-
ciency is maximum when clay concentration was 2 ppm. From
Fig. 3C we immediately observe that FRET efficiency is almost lin-
ear with different varying concentrations of RhB in absence and
presence of clay (2 ppm). But for higher clay concentration
(4 ppm) the plot initially shows straight line for few concentra-
tions of RhB and then starts to deviate from the linearity. That is
at higher acceptor concentrations the FRET efficiency tends to
decrease slightly. This is because of the fact that when the concen-
tration of RhB is high, the dye molecules tend to form aggregates
which may affect the excitation energy thereby reducing the num-
ber of acceptor molecules participating the resonant interaction
with AO molecules after photoexcitation. The energy transfer
between AO and RhB in presence of MMT clay is schematically
shown in Fig. 4.
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In the present work we have also tested the energy transfer pro-
cess for fixed amount of AO (donor) and RhB (acceptor) for differ-
ent various concentrations of clay dispersion in the mixed dye
solution. Fig. 5A shows the steady state fluorescence emission
spectra of AO/RhB mixed solution (1:1 vol ratio) at different clay
concentrations namely 2 ppm, 4 ppm, 6 ppm, 8 ppm and 10 ppm.
From the figure it is observed that with increase in clay concentra-
tions, the emission band with peak at 525 nm is gradually
quenched to significant amount with respect to that of pure AO
aqueous solution. Although the emission band intensity at
575 nm is decreased as the clay concentration is increased but
the ratio of the intensity of the bands at 575 nm and 525 nm is
increased linearly as illustrated in the inset of Fig. 5A. This essen-
tially confirms the gradual increase of energy transfer from excited
AO to RhB molecules with increase of clay platelets in the mixture.
However, the absolute decrease of steady state fluorescence band
intensity at 575 nm might be due to formation of non-
fluorescent dye aggregates after addition of clay platelets in the
mixture. More precisely the total number of dye monomer units
might have increased with increase in clay concentration. But this
reduction is relatively less compared to the enhancement of emis-
sion intensity at 575 nm due to FRET process when clay concentra-
tion is increased. Also the FRET efficiency between AO and RhB
increases linearly with increase in clay concentration as shown in
Fig. 5B and the FRET efficiency reached to 62.48% at clay concentra-
tion of 10 ppm. The corresponding change in FRET efficiency is
summarised in Table 3.

To reveal the nature of the quenching mechanism of the fluores-
cence emission of the donor fluorophores in presence and absence
of acceptor, the Stern-Volmer (S-V) relation [30] has been applied
and is given by

Fo=F ¼ 1þ KSV½Q � ð8Þ
where Fo and F denote the steady-state fluorescence emission
intensities of donor (AO) in the absence and presence of quencher
molecules (RhB), respectively. KSV is the Stern-Volmer quenching
constant and [Q] is the concentration of quencher. The Stern-
Volmer plot as obtained from the steady state fluorescence emis-
sion results for mixed solution of AO and RhB as well as for pure
AO in aqueous media is almost straight line (Fig. 6A). The linearity
in S-V plot suggests that the quenching may be of either pure
dynamic or pure static nature. Generally, deviations from linearity
indicate the mixing of both dynamic and static quenching processes
[31] and therefore the quenching of AO fluorescence in presence of
RhB in ethanolic medium (as shown in Fig. 6B) might be due to both
static and dynamic quenching.

On the other hand, the S-V plot as obtained from the steady
state fluorescence spectra of AO/RhB mixed aqueous solution in
ntmorillonite clay on the fluorescence resonance energy transfer between
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Fig. 3. Steady state fluorescence emission spectra of AO/RhB mixed solution (1:1 vol ratio) in presence of MMT clay of concentration of (A) 2 ppm (B) 4 ppm. Concentration of
RhB solution was varied with 10�7 M, 5 � 10�7 M, 10�6 M, 6 � 10�6 M and 8 � 10�6 M for each concentration of MMT clay. Concentration of AO solution was fixed at 5 � 10�6

M in all cases. (C) Variation of FRET efficiency (%) between AO and RhB in absence and presence of MMT clay (2 ppm and 4 ppm) in aqueous medium.
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presence of 4 ppm clay dispersion (See Fig. 7) shows almost linear-
ity which also suggests that the fluorescence quenching might be
type either static or dynamic quenching. Though static quenching
is dominant for the interactions of dyes with clay platelets, some
part of fluorescence quenching might be coming from free AO/
RhB interaction in solution. Time resolved fluorescence study and
temperature dependence fluorescence emission measurements as
discussed in the later sections further confirm the quenching beha-
viour of the donor fluorophores i.e. AO molecules in the mixed dye
solution.

3.4. Fluorescence lifetime study by Time-Correlated Single-Photon
counting method (TCSPC)

To explore the further knowledge about the nature of fluores-
cence quenching of donor molecules (AO) in presence of RhB as
Please cite this article as: U. Chakraborty, P. Maiti, T. Singha et al., Effect of mo
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well as mixed solution of RhB and MMT clay during the process
of excited state energy transfer via FRET among the dye chor-
mophores a time-correlated single-photon counting (TCSPC) study
is performed because of the fact that the decay time measurements
are more sensitive than steady state fluorescence measurements
from the point of view of experimental observations. All the sam-
ple solutions were excited at wavelength of 425 nm via laser light
while the emission of donor molecules were monitored at wave-
length of 525 nm. Fig. 8 shows the fluorescence decay plot of pure
aqueous solution of AO (concentration of 5 � 10�6 M), AO/RhB
mixed solution in absence and presence of MMT clay. The concen-
tration of RhB and clay were 4 � 10�6 M and 4 ppm respectively for
this purpose. The fluorescence decay results as obtained were fit-
ted and analysed with the help of DAS 6 software using two expo-
nentials and the average lifetime of pure AO, AO/RhB mixed
solution and AO/RhB/MMT mixed solutions were estimated as
ntmorillonite clay on the fluorescence resonance energy transfer between
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Table 2
Average overlap integral (J(k)), Fröster distance (Ro), energy transfer efficiency (E) and centre to centre distance (r) between AO and RhB for different concentration of RhB in
presence of MMT clay of different concentrations.

Acceptor solution Clay: 2 ppm, J(k) = 1.611 � 1015 nm4 M�1

cm�1 (Ro = 32.08 Å)
Clay: 4 ppm, J(k) = 3.036 � 1015 nm4 M�1

cm�1(Ro = 33.30 Å)

Concentration of RhB (M) E (%) r (Å) E (%) r (Å)

10�7 11.4 45.15 12.6 45.99
5 � 10�7 14.0 43.42 23.24 40.64
10�6 15.0 42.84 27.0 39.31
6 � 10�6 29.46 37.11 30.26 38.27
8 � 10�6 35.79 35.37 35.0 36.92

Fig. 4. Schematic diagram of the fluorescence resonance energy transfer (FRET) between donor molecules (AO) and acceptor free monomers (RhB) in absence and presence of
MMT clay in the aqueous environment. The relative distance between AO and RhB decreases while adsorbed on to clay surface.
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1.682 ns, 1.538 ns and 1.70 ns respectively. It is clear from this
study that after addition of acceptor molecules i.e. RhB to AO solu-
tion the lifetime of AO (donor) is reduced to an appreciable value
and therefore the lost excited state energy might have migrated
to RhB molecules in a non-radiative mechanism so that there is
Fig. 5. (A) Steady state fluorescence emission spectra of pure AO solution and AO/RhB mi
AO and RhB were 5 � 10�6 M and 4 � 10�6 M respectively. Concentrations of MMT cla
variation of the ratios of florescence intensity of the bands at 575 nm and 525 nm of
efficiency (%) between dye pair as a function of MMT concentrations in the mixed dye s
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an increase of fluorescence intensity of emission peak (at
575 nm) of RhB as is observed from the steady state measure-
ments. So, the fluorescence quenching of AO and the corresponding
reduction of their excited state lifetime may be referred to as
dynamic or collisional quenching [32]. On the other hand, after
xed solution in MMT (1:1:1 vol ratio) clay aqueous dispersion. The concentrations of
y was varied as 0 ppm, 2 ppm, 4 ppm, 6 ppm, 8 ppm and 10 ppm. Inset shows the
AO/RhB mixed solution with various concentrations of clay. (B) Variation of FRET
olution.
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Table 3
Energy transfer efficiencies in presence of MMT clay in aqueous medium.

Clay concentration ? 2 ppm 4 ppm 6 ppm 8 ppm 10 ppm

Energy transfer efficiency 23.60% 31.33% 48.16% 51.06% 62.48%

Fig. 6. (A) Stern-Volmer Plot as obtained from the fluorescence spectra of AO/RhB mixed solution with various RhB concentration in water and (B) ethanolic solutions at room
temperature.
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addition of MMT clay dispersion to mixed solution of AO and RhB
there is no such appreciable change of fluorescence lifetime and
this corresponds to static quenching. Actually in presence of clay
the effective distance between AO and RhB molecules decreases
which increases the energy transfer efficiency but not all the mole-
cules did not participate in the energy transfer process when com-
pared to that in absence of MMT clay may be because of
electrostatic screening between the molecules. In other words,
the presence of clay obviously facilitates the energy transfer rate
between the excited molecules. However, the almost unaltered flu-
orescence lifetime may be due to the intrinsic lifetime of AO mole-
cules which were unreacted with RhB molecules because the
presence of negatively charged clay platelet restricts the direct ran-
dom collision between AO and RhB. So static quenching of fluores-
cence of AO might have occurred in presence of RhB/MMT mixed
solution.

3.5. Thermodynamic parameters and nature of the binding forces

To explore the nature of interactions of AO and RhB in presence
and absence of MMT clay, the value of binding constant and bind-
ing sites are calculated from the following equation [3,33,34]:

log½Fo � F
F

� ¼ logKb þ n log½Q � ð9Þ

where Kb is the binding constant which can be estimated from the
slope of the log[((F0 – F)/F)] versus log[Q] curve. The values for bind-
ing constant (Kb) and binding sites n can be obtained from the inter-
cept and slope of the linear plot as shown in the Fig. 9. To
understand this fact, the temperature-dependent fluorescence stud-
ies for FRET between AO and RhB in presence and absence of MMT
Please cite this article as: U. Chakraborty, P. Maiti, T. Singha et al., Effect of mo
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have been carried out. Concentration of clay aqueous suspension
was 4 ppm in this study. Table 4 and 5 show the parameters as
obtained from emission measurements at three different tempera-
tures, 15 �C (288 K), 25 �C (298 K), 35 �C (308 K) for AO/RhB and
AO/RhB/Clay mixed solutions in aqueous media. From Table 4 it is
evident that Kb and n increase with increase in temperature which
indicates the collisional or dynamical quenching of AO donor mole-
cule, because in dynamical quenching, collision rate generally
increases with increase in temperature. However, for AO/RhB/Clay
mixed solution (Table 5), Kb decreases with increase in tempera-
ture. This reveals the formation of an unstable compound which
corresponds to the static nature of quenching because binding con-
stant between AO and RhB molecules systematically decreases with
increase in temperature.

In general, the different types of interactions between small
molecules may be originated from various types of forces: viz.
hydrogen bonds, van der Waals force, electrostatic interactions,
and hydrophobic interaction. Based on the data of enthalpy and
entropy change, the type of interactions involved in a close prox-
imity of the molecular species may be concluded as [33,34]:

(1) DH > 0 and DS > 0, hydrophobic forces;
(2) DH < 0 and DS < 0, van der Waals interactions and hydrogen

bonds;
(3) DH < 0 and DS > 0, electrostatic interaction.

whereDH is the change of enthalpy andDS is the change of entropy
of AO/RhB mixed ensemble. If the change in enthalpy does not vary
significantly with the change in temperature as studied, then its
value as well as the entropy can easily be obtained from the well-
known van’t Hoff equation:
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Fig. 7. Stern-Volmer plot as obtained from the fluorescence spectra of AO/RhB
mixed solutions in presence of MMT clay of concentration of 4 ppm at room
temperature.

Fig. 8. Fluorescence decay plot of pure aqueous solution of AO, AO/RhB mixed
solution in presence and absence of MMT clay aqueous dispersion. All the samples
were excited by laser source at wavelength of 425 nm (i.e. near maximum
excitation peak of acceptor molecules) and the corresponding fluorescence emis-
sion was monitored at 525 nm.

Fig. 9. Plot of log[(Fo–F)/F] versus log[Q] as obtained from the temperature-
dependent steady-state fluorescence measurements where F is the fluorescence
intensity of AO in presence of RhB of various concentrations and Fo is that of pure
AO solution. [Q] are concentrations of the quencher molecules (RhB).
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ln K ¼ DS
R

� DH
RT

ð10Þ

Here K is analogous to the binding constant Kb at the corre-
sponding temperature and R is the universal gas constant. The
change in Gibbs free energy can be obtained from the following
theoretical relation:
Please cite this article as: U. Chakraborty, P. Maiti, T. Singha et al., Effect of mo
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DG ¼ DH� TDS ¼ �RT lnK ð11Þ
From the plot of R[lnK] versus 1/T as shown in Fig. 10, the value

of DH & DS are obtained and hence DG from the above equation
and are summarized in Table 4 and 5. The negative DG value for
both the cases (i.e. AO/RhB and AO/RhB/Clay mixed solution) indi-
cate that the process of interactions is spontaneous.

However, in case of AO/RhB mixed ensemble without clay, both
positive values ofDH &DS reveal that the nature of this interaction
is hydrophobic. As both the dyes are cationic in aqueous solution,
so electrostatic interaction cannot be responsible for their close
proximity for FRET to occur. On the other hand, they are not form-
ing any ground state complex as the mixture is collisional in nat-
ure, interaction is mainly due to hydrophobic forces. This is also
consistent with the results of the fluorescence lifetime study,
where lifetime of AO is decreased after addition of RhB solution.

But in case of AO/RhB/Clay mixed solution, both the negative
values of DH and DS indicate that the nature of this interaction
is due to van der Waals type and hydrogen bonds, that again con-
firms the formation of ground state complex, where no change of
fluorescence lifetime of AO was observed after addition of RhB
and clay in the aqueous solution. Therefore, the temperature
dependent fluorescence studies of the dye molecules in absence
and presence of clay nanoplateletes successfully explain the nature
of interaction involved in their close proximity which enables FRET
to occur after photoexcitation with light of suitable wavelength.

4. Conclusion

In summary, we have studied the fluorescence emission spectra
of cationic dyes AO and RhB both in aqueous solution, ethanol solu-
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Table 4
Binding constant (Kb), binding sites (n), and relative thermodynamic parameters viz. Enthalpy (DH), Entropy (DS), Gibbs Free Energy(DG) at different temperature as obtained
from fluorescence spectroscopic data for AO/RhB mixed aqueous solution without MMT clay.

Temperature of AO/RhB mixed solution (oC) Kb (M�1) n R2 § DH(kJ M�1) DG (kJ M�1) DS(J K�1)

15 78.86 0.38 0.75 82.072 �10.12 320.109
25 162.92 0.42 0.85 �13.31
35 691.83 0.62 0.95 �16.52

§ R2 is the correlation coefficient.

Table 5
Binding constant (Kb), binding sites (n), and relative thermodynamic parameters viz. Enthalpy (DH), Entropy (DS), Gibbs Free Energy (DG) at different temperature as obtained
from fluorescence spectroscopic data of AO/RhB/MMT Clay mixed aqueous solution (4 ppm).

Temperature of AO/RhB (mixed solution (oC) Kb (M�1) n R2 § DH (kJ M�1) DG (kJ M�1) DS (J K�1)

15 38.02 0.41 0.92 �36563.63 �8.63 �96.98
25 20.61 0.56 0.97 �7.66
35 14.45 0.33 0.99 �6.69

§R2 is the correlation coefficient.

Fig. 10. Plot R[lnKb] versus reciprocal (1/T) of absolute temperatures at which the
corresponding fluorescence emission spectra were measured. Kb is the value of
binding constant of dye molecules at various temperatures as estimated from Fig. 9.
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tion and in MMT clay dispersed medium in the aqueous environ-
ment and experimentally confirmed the FRET between AO and
RhB. The two cationic dyes become excellent pair for FRET to occur
because of the sufficient spectral overlap between absorption spec-
trum of acceptor RhB and fluorescence emission spectrum of
energy donor AO. FRET efficiency become relatively much higher
in aqueous environment compared to that in ethanol medium for
the same set of concentration of AO and RhB in both the media
and this implies that the excited state dipole interaction is essen-
tially depends on the polarity of the solvent. That is more polar
the environment more is the energy migration from donor to the
acceptor moieties. Most interestingly presence of MMT clay in
Please cite this article as: U. Chakraborty, P. Maiti, T. Singha et al., Effect of mo
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the mixed dye solution increases the FRET efficiency by reducing
the intermolecular distance between AO and RhB in the mixed
ensemble. Also energy transfer efficiency increases linearly with
increase in clay concentration. The quenching of fluorescence of
AO during non-radiative energy transfer from AO to RhB molecules
in the excited state in absence of clay is basically due to dynamic or
collisional quenching because of reduced fluorescence lifetime of
AO. But in presence of clay the dye molecules form ground state
complex and the quenching mechanism might be static due to
almost similar lifetime of AO as observed by TCSPC fluorescence
lifetime measurements. Thermodynamical parameters as esti-
mated by temperature dependent fluorescence study clearly reveal
the nature of interactions for the dye molecules in absence and
presence of clay platelets. The present study is of significant funda-
mental importance because of their implication to design FRET-
based nano-biosensors to probe various molecular recognition
processes.
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