
Journal of Luminescence 172 (2016) 168–174
Contents lists available at ScienceDirect
Journal of Luminescence
http://d
0022-23

n Corr
fax: þ9

E-m
sahussa
journal homepage: www.elsevier.com/locate/jlumin
Full Length Article
Multi step FRET among three laser dyes Pyrene, Acriflavine
and Rhodamine B

Jaba Saha, Dibyendu Dey, Arpan Datta Roy, D. Bhattacharjee, Syed Arshad Hussain n

Thin Film and Nanoscience Laboratory, Department of Physics, Tripura University, Suryamaninagar 799022, Tripura, India
a r t i c l e i n f o

Article history:
Received 11 March 2015
Received in revised form
1 October 2015
Accepted 2 December 2015
Available online 12 December 2015

Keywords:
Multi-step FRET
Dyes
Clay
x.doi.org/10.1016/j.jlumin.2015.12.004
13/& 2015 Elsevier B.V. All rights reserved.

esponding author. Tel.: þ919862804849 (M
13812374802.
ail addresses: sa_h153@hotmail.com,
in@tripurauniv.in (S.A. Hussain).
a b s t r a c t

Fluorescence Resonance Energy Transfer (FRET) system using three dyes has been demonstrated. It has
been observed that multi step energy transfer occurred from Pyrene to Rhodamine B via Acriflavine. Here
Acriflavine acts as an antenna to receive energy from Pyrene and transfer the same to Rhodamine B. This
multi step FRET system is advantageous compared to the conventional FRET as this can be used to study
molecular level interaction beyond conventional FRET distance (1–10 nm) as well as studying multi-
branched macromolecules. The introduction of clay enhances the FRET efficiencies among the dye pair,
which is an advantage to make the multi step system more useful. Similar approach can be used for
increasing FRET efficiencies by using other dyes.

& 2015 Elsevier B.V. All rights reserved.
(

1. Introduction

Fluorescence Resonance Energy Transfer (FRET) is a distance
dependent interaction between two molecules where the energy
is transferred non radiatively from an excited donor molecule to
an acceptor in ground state via an induced dipole–dipole inter-
action [1–2]. Typically the distance between donor–acceptor
within 1–10 nm is ideal for energy transfer to occur. For efficient
FRET there should be a sufficient overlap between donor fluores-
cence and acceptor absorbance. Also the energy transfer depends
on the inverse sixth power of the distance between the two
chromophores, the donor and acceptor [1–2].

FRET is widely used to study the molecular level interaction,
quantitative measure of chromophore distance, structures and
dynamics of macromolecules and molecular assemblies in the
range of 1–10 nm [3–10]. Another application of FRET is in dye
lasers [11]. Although conventional FRET system consists of one
donor and acceptor molecule. However FRET system has also been
expanded to a system consisting of more than two chromophores
[12,13], as shown in the Fig. 1. This multi step FRET system is
advantageous compared to the conventional FRET as follows:

(i) Multi-step FRET system can be used to study interaction
between molecules (acceptor and donor) beyond 1–10 nm
[14,15]
), þ91381 2375317 (O);
(ii) Multi-step FRET is very useful in studying multi branched bio-
macromolecules [16]

iii) Excitation wavelength range can be extended in dye lasers
using multi-step FRET.

Therefore it is extremely important to identify new FRET pair
(either conventional FRET or multi step FRET) and quantify the
FRET process between them for their future applications. Here in
the present manuscript, the sequential multi step energy transfer
using three laser dyes Pyrene (Py), Acriflavine (Acf) and Rhoda-
mine B (RhB) have been reported. It has been demonstrated that
energy can be transferred sequentially from Py to RhB via Acf
although almost negligible energy transfer from Py to RhB take
place. We have also demonstrated that it is possible to increase the
FRET efficiency by incorporating the dye molecules onto nano clay
platelet laponite. Laponites are disc like natural nanoparticles with
large surface area (diameter 25 nm) [17], high cation exchange
capacity, intercalation property and layer structure [18]. It is pos-
sible to incorporate the ionic as well as neutral molecule onto clay
layer through cation exchange reaction or intercalation [19]. The
molecules come closer as well as also their orientation has been
changed when incorporated onto clay layer [19]. We have found
that the energy transfer efficiency is affected due to this change in
presence of clay. Similar approach can be taken to increase the
FRET efficiency using other dyes. Organic dye molecules have been
widely used as amplifying media in tunable dye lasers [20].
However, the dye solution used as an active medium absorbs
energy from the excitation source in a very limited spectral range
[21]. Therefore, extending of spectral range of operation in dye
laser is very important. FRET can play an important role in this
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Fig. 1. (i) Energy is transferred from molecule A to C via B, (ii) Energy is transferred
from molecule A to B and from A to C directly, (iii) Energy is transferred simulta-
neously from molecule A to C via B as well as from the molecule A to C directly, (iv)
Multi-FRET system consisting of four molecules.

Fig. 2. Normalized absorption and emission spectra of Py (1, 2), normalized
absorption and emission spectra of Acf (3, 4) and normalized absorption and
emission spectra of RhB (5, 6).
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regard. The dye RhB used in the study has already been used in
dye lasers [20]. Using mixture of either Py-Acf-RhB or Acf-RhB it
might be possible to have emission from RhB even with excitation
wavelength near to Py absorption or Acf absorption. This will
extend the spectral range of operation. On the other hand, this
multi step FRET using Py, Acf and RhB can be used to study the
dynamics and conformation of multi branched macromolecules
even beyond the typical FRET distance range 1–10 nm.
2. Materials and methods

2.1. Material

All the dyes Py, Acf and RhB were purchased from Sigma
Chemical Co., USA and used as received. Spectroscopic grade
Methanol was used as solvent. Dye solutions were prepared in
methanol. For spectroscopic measurement different dyes were
mixed at various volume ratios with initial concentration of each
individual dyes of 10�6 M. The clay mineral used in the present
work was Laponite, obtained from Laponite Inorganic, UK and
used as received. The size of the clay platelet is less than 0.05 μm
and Cation Exchange Capacity is 0.739 meq/g determined with
CsCl [22]. The clay dispersion was prepared by using Millipore
water and stirred for 24 hours with a magnetic stirrer followed by
30 minutes ultrasonication before use.

2.2. UV–Vis absorption and fluorescence spectra measurement

UV–Vis absorption and steady state fluorescence spectra of the
solutions were recorded by a PerkinElmer Lambda-25 Spectro-
photometer and PerkinElmer LS-55 Fluorescence Spectro-
photometer respectively. The excitation power of fluorescence
source (Xenon lamp) was 20 kW at continuous operation.

The fluorescence lifetime of the samples were recorded by
Time correlated single Photon Counting set up (Horiba Jobin-Yvon,
Japan). The samples were excited at 300 nm and 420 nm.

A fully motorized grooved diffraction grating was used to
selectively detect the emission of the donor only during donor
lifetime measurement in presence of acceptor.
3. Results and discussions

3.1. The UV–Vis absorption and steady state fluorescence
spectroscopy

Fig. 2 shows the normalized absorption and fluorescence
spectra of Py, Acf and RhB. The fluorescence spectra were recorded
by exciting the corresponding absorption maxima of the dyes. The
absorption spectrum of Py is characterized by three major vibronic
bands with well defined peaks at 308, 322 and 338 nm respec-
tively [23]. On the other hand the fluorescence emission bands are
designated at 375 nm (0–0 vibronic band), 385 nm (0–2 vibronic
band) and 395 nm (0–3 vibronic band) [24]. The absorption and
emission maxima of Acf are centered at 449 and 502 nm respec-
tively which is assigned due to the Acf monomers [25]. RhB
absorption spectrum possess prominent intense 0-0 band at
553 nm along with a weak hump at 520 nm which is assigned due
to the 0–1 vibronic transition [25]. The RhB fluorescence spectrum
shows prominent band at 571 nm which is assigned due to the
RhB monomeric emission [25].

A close look at the Fig. 2 revealed that there exists sufficient
overlapping of Py fluorescence spectrum and Acf absorption
spectrum as well as Acf fluorescence and RhB absorption spec-
trum. Also the donor molecules (Py/Acf) have large fluorescence
quantum yield, long lifetime and they (Py/Acf) are highly fluor-
escent, which are the prerequisite conditions for FRET to occur
[24,25]. These suggest that energy transfer is possible from Py to
Acf and Acf to RhB [26].

3.2. Study of conventional FRET between Py-Acf and Acf-RhB

To study the energy transfer between Py and Acf, the fluores-
cence spectra of Py and Acf mixture (1:1 volume ratio) were
measured with excitation wavelength fixed at 300 nm (close to the
absorption monomer of Py). Fig. 3a shows the fluorescence spectra
of Py, Acf and their mixture in methanol solution. From the figure
it was observed that the fluorescence intensity of pure Py (curve 1)
is much higher, on the other hand the fluorescence intensity of
pure Acf (curve 2) is very small compared to Py. This is because the
excitation wavelength (300 nm) was chosen in order to excite the
Py molecule directly and to avoid the direct excitation of the Acf
molecules. Although small Acf fluorescence indicates that even
with this excitation (300 nm) Acf absorbs some energy. However,
the Py-Acf mixture fluorescence spectrum is very interesting. Here
the Py emission decreases with respect to pure Py and on the other
side Acf emission increases with respect to pure Acf (curve 3). This
is mainly due to the transfer of energy from Py molecule to Acf
molecule via FRET. This has been confirmed by the excitation
spectroscopic studies (inset of Fig. 3a). It has been observed that
the excitation spectrum measured with monitoring wavelength
fixed at Py and Acf emission maximum in case of Py-Acf mixture is
very similar to the characteristics Py absorption spectrum. This



Fig. 3. (a)Fluorescence spectra of pure Py (1), pure Acf (2) and Py-Acf (1:1 volume ratio) mixture (3). Inset shows the excitation spectra for Py-Acf mixture with emission
wavelength at 340 (I) and 500 (II) nm. (b)Fluorescence spectra of pure Acf (1), pure RhB (2) and Acf-RhB (1:1 volume ratio) mixture (3). Inset shows the excitation spectra for
Acf-RhB mixture with emission wavelength at 500 (I) and 571 (II) nm. Dye concentration were 2.85�10�7 M.

Table 1
Different FRET parameters calculated from the spectra and life time values for FRET
between Py-Acf, Py-RhB and Acf-RhB in methanol solution. Dye concentration were
2.85�10�7 M.

Sample J(λ) m�1cm1nm4 R0(nm) r(nm) FRET efficiency (E %)

E¼ 1�FDA
FD

E¼ 1� τDA
τD

Acf-RhB 3.820�1015 6.300 6.360 48.67 50.00
Py-Acf 3.270�1015 6.160 6.658 38.54 37.25
Py-RhB – – – 03.94 03.92

Table 2
Fluorescence lifetime of pure Py, Py-Acf, Py-RhB and Py-Acf-RhB mixture (In all the
cases the exciting wavelength was 300 nm.) as well as for pure Acf and Acf-RhB (In
all the cases the exciting wavelength was 420 nm). Dye concentration were
2.85�10�7 M.

Sample Life time (ns) λex

Py 5.1 300 nm
Py-Acf 3.2 300 nm
Py-RhB 4.9 300 nm
Py-Acf-RhB 2.4 300 nm
Acf 4.2 420 nm
Acf-RhB 2.1 420 nm
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suggests that the origin of Acf fluorescence is due to light absorbed
by Py and consequent transfer from Py to Acf via FRET.

On the other hand, energy transfer from Acf to RhB were stu-
died by measuring the fluorescence spectra of pure Acf, pure RhB
and Acf-RhB mixture (1:1 volume ratio) with excitation wave-
length fixed at 420 nm (close to the absorption monomer of Acf).
Fig. 3b shows the fluorescence spectra of Acf, RhB and their mix-
ture. From the figure it was observed that the fluorescence
intensity of pure Acf (curve 1) is much higher, on the other hand
the fluorescence intensity of pure RhB (curve 2) is very low.
However, RhB shows intense fluorescence in Acf-RhB mixture
(curve 3). This indicates the possibility of energy transfer from Acf
to RhB. Excitation spectra measured for Acf-RhB mixture with
monitoring emission wavelength fixed at 500 nm (Acf emission
maximum) and 571 nm (RhB emission maximum) (inset of Fig. 3b)
closely reasonable to the characteristic absorption spectrum of Acf.
This confirms that the origin of the RhB fluorescence in the Acf-
RhB mixture is due to light absorption by Acf molecules and
consequent transfer of the Acf excited state energy to RhB [26].
Study of lifetime measurement (given in the later section of the
manuscript) also confirmed the FRET between Py to Acf and Acf to
RhB. Also, it has been observed that for both the FRET pairs FRET
efficiency increases with increase in acceptor concentration
(Figs. 1 and 2, Tables 1 and 2 of supporting information).
It is important to mention that in order to check the possibility
of charge transfer or ground state complex formation in the dye
mixture (Py-Acf, Acf-RhB and Py-Acf-RhB), we have measured as
well as compared the exact value of absorbance spectra (unnor-
malized) of individual dyes and their mixtures (Fig. 3 of supporting
information). A close look to the spectra reveal that absorption
spectrum of the individual dyes are almost identical with respect
to peak position and intensity to their corresponding counterpart
in the mixed dye absorption spectra. These confirm that no ground
state complexation or charge transfer occurred in the dye mixture
[27, 28].

3.3. Study of multi step FRET among Py-Acf-RhB

In the previous section of this manuscript it has been observed
that FRET occurred from Py to Acf and Acf to RhB. Out of these two
FRET pair one molecules Acf is common and acting as both
acceptor and donor simultaneously in two pairs. Therefore, it
would be very much interesting to check whether multi step
energy transfer is possible using these molecules or not [23, 25].

Accordingly, fluorescence spectra were measured for Py-Acf-
RhB mixture with varying excitation wavelength. Fig. 4 shows the



Fig. 4. Fluorescence spectra of pure Py (1), Py-RhB (2), Py-Acf-RhB (1:1:1 volume
ratio) (3) Acf-RhB mixture (4), Pure RhB (5). The exciting wavelength was 300 nm.
Inset 1 shows the Fluorescence spectra of Py-Acf-RhB (1:1:1 volume ratio) (I) and
Py-RhB (II). The exciting wavelength was 420 nm. Inset 2 shows the excitation
spectra for Py-Acf-RhB mixture with emission wavelength at 340 (I), 500 (II) and
571 (III) nm. Dye concentration were 2.85�10�7 M.

Table 3
Different FRET parameters calculated from the spectra of Fig. 4 of supporting
information for FRET between Py-Acf at different clay concentrations. Dye con-
centration were 2.85�10�7 M.

Conc. of clay
(ppm)

J(λ) m�1cm�1nm4 R0(nm) r(nm) FRET efficiency (E%)
E¼ 1�FDA

FD

1 3.828�1015 6.350 5.740 64.00
2 4.315�1015 6.434 5.674 68.00
3 4.871�1015 6.580 5.667 71.00
4 5.370�1015 6.690 5.619 74.00
5 5.391�1015 6.700 5.578 75.00

Table 4
Different FRET parameters calculated from the spectra of Fig. 5 of supporting
information for FRET between Acf-RhB at different clay concentrations. Dye
concentration were 2.85�10�7 M.

Conc. of clay
(ppm)

J(λ) m�1cm�1nm4 R0(nm) r(nm) FRET efficiency (E%)
E¼ 1�FDA

FD

1 4.523�1015 6.500 5.500 73.00
2 5.371�1015 6.600 5.345 78.17
3 6.321�1015 6.873 5.335 82.00
4 6.850�1015 6.971 5.286 84.00
5 6.882�1015 6.985 5.227 85.00
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fluorescence spectra of pure Py (curve 1), Py-RhB mixture (1:1
Volume ratio) (curve 2), Py-Acf-RhB mixture (1:1:1 volume ratio)
(curve 3), Acf-RhB mixture (curve 4) and pure RhB (curve 5). In all
the cases the excitation wavelength was fixed at 300 nm so as to
excite the Py molecules directly and to avoid the direct excitation
of the Acf and RhB molecules. From the figure it was observed that
the fluorescence intensity of pure Py is much higher in case of Py-
RhB mixture (curve 2) and comparable to that of pure Py fluor-
escence spectrum. On the other hand the fluorescence intensity of
RhB in Py-RhB mixture is very less. Similarly the fluorescence
intensity of both Acf and RhB is very low in the Acf-RhB mixture
(curve 4). This is because with 300 nm excitation wavelength both
Acf and RhB absorb very small amount of energy directly from
excitation source. Also amount of energy transferred by Py to RhB
is very minute; this is because the spectral overlap area between
the fluorescence spectra of Py and absorption spectra of RhB is
very small. However, most interesting thing is that in case of Py-
Acf-RhB mixture (curve 3), the RhB fluorescence increase even
with the same excitation wavelength. On the other hand the Py
fluorescence intensity decreases compared to that in case of pure
Py. This observation suggests that initially a portion of the excited
state energy of Py is transferred to Acf. Accordingly, Acf molecules
get excited and consequently a part of its excited state energy
transferred to RhB. Finally the RhB fluorescence gets sensitized.
Close similarity of the excitation spectra (inset 2 of Fig. 4) mea-
sured with monitoring emission wavelengths fixed at Py, Acf and
RhB emission maximum in case of Py-Acf-RhB mixture to that of
Py absorption spectrum suggest that the origin of RhB fluores-
cence in case of Py-Acf-RhB mixture is due to the light absorbed by
Py and consequent transfer of the same to RhB via Acf.

It is interesting to mention in this context that a close look to
the curve 3 (Py-Acf) of Fig. 3a and curve 3 (Py-Acf-RhB) of Fig. 4,
the quenching of Py in Py-Acf-RhB mixture is higher than that in
Py-Acf. In order to explain this we have compared the extent of
decrease in Py fluorescence to the increase in Acf fluorescence in
(Py-Acf) fluorescence spectrum and found that these two values
are almost equal. Again for Py-Acf-RhB fluorescence spectrum the
sum of increase in Acf fluorescence and RhB fluorescence is almost
equal to the decrease in Py fluorescence (the intensity of emission
bands are given at Tables 3 and 4 of the supporting information).
This suggests that in case of Py-Acf mixture energy is transferred
from Py to Acf. However for Py-Acf-RhB mixture, there may be two
possibilities:

(a) Initially the excited state energy of Py is transferred to Acf and
then a portion of the same is transferred to RhB (case-i of
Fig. 1).

(b) A portion of excited state energy of Py may be directly trans-
ferred to RhB, in addition to the transfer of Py excited state
energy to RhB via Acf. (case-iii of Fig. 1).
If multi step FRET occurred following process (a), then it might

be possible that presence of RhB makes favorable environment
resulting in an increase in transfer of excited state energy from Py
to Acf than the same in absence of RhB. Accordingly quenching of
Py was more in Py-Acf-RhB mixture than that in Py-Acf.

3.4. Energy transfer efficiency

Förster theory [1–2] has been used to quantify the energy
transfer process [1–2]. According to the Förster theory, the donor–
acceptor distance at which energy transfer is 50% efficient is
referred to as the Förster radius (R0). The magnitude of the R0 is
dependent on the overlap integral (J(λ)) of the emission spectrum
of donor with the absorption spectrum of acceptor and their
mutual molecular orientation and is given by-

R0¼ 0.2108 (K2n�4 ФD J (λ))1/6. Where the unit of J(λ) is
M�1cm�1nm4.

On the other hand spectral overlap integral J(λ) can be
expressed as,

J λ
� �¼

Z α

0
FD λ

� �
ϵA λ

� �
λ4dλ

where

ΦD ¼ the fluorescence quantum yield of the donor in the
absence of acceptor
n ¼ is the refractive index of the medium.
k2 ¼ orientation factor of transition dipole moment between
donor and acceptor
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εA λ
� � ¼ the extinction coefficient of the acceptor (in M�1cm�1)

FD (λ) ¼ normalized intensity of the donor in the wavelength
range given by the integrals limits 0 to 1.

The relation between actual donor and acceptor distance (r), R0

and energy transfer efficiency (E) is given by –

E¼ R0
6

R0
6þr6

:

The energy transfer efficiency can also be expressed in terms of
fluorescence intensity [22] and written as E¼ 1� FDA

FD
where,

FD¼fluorescence intensity of the donor
FDA¼ fluorescence intensity of the donor in the presence of
acceptor

FRET efficiencies can also be calculated using life time values as
follows [29]

E¼ 1�τDA
τD

where,

τDA¼fluorescence life time of the donor in the presence of
acceptor
τD¼fluorescence life time of the donor in absence of acceptor

It has been observed that energy transfer occurred from Py to
Acf and Acf to RhB. Also multi step energy transfer occurred from
Py to RhB via Acf. The calculated values of energy transfer effi-
ciency (E), spectral overlap integral J(λ), Förster radius (R0) and
donor – acceptor distance (r) are listed in Table 1. Spectra of
Figs. 2–4 are used to calculate these parameters. It has been
observed that the energy transfer efficiency is 48.67% in case of
FRET between Acf-RhB and 38.54% in case of Py-Acf. The observed
higher values of efficiency is due to the larger values of spectral
overlap integral between Acf fluorescence and RhB absorption
compared to that in Py fluorescence and Acf absorption. Also from
lifetime measurement it is observed that the extent of decrease in
Acf lifetime in Acf-RhB mixture fluorescence is more compared to
the decrease in Py lifetime in Py-Acf mixture (Fig. 5 and Table 2). In
case of multi step FRET from Py to RhB, the process can be
expressed as follows:
Fig. 5. Fluorescence lifetime of pure Py, Py-Acf, Py-RhB and Py-Acf-RhB mixture (In
all the cases the exciting wavelength was 300 nm.) as well as for pure Acf and Acf-
RhB (In all the cases the exciting wavelength was 420 nm). Dye concentration were
2.85�10�7 M.
Equation set – I:

Pyþhυ-Py�

Py�þAcf-PyþAcf � Step 1 FRETð Þ

Acf �þRhB-Acf þRhB� Step 2 FRETð Þ

RhB�-RhBþhυ

Equation set–II :

Pyþhυ-Py�

Py�þRhB-PyþRhB�

RhB�-RhBþhυ

Equation set – I can be used to express the multi step FRET
following process (a) (case-i of Fig. 1). However, both equation sets
– I & II can be used to express the multi step FRET following
process (b) (case-iii of Fig. 1).

FRET efficiencies for single step energy transfer from Py to Acf
(EPy-Acf) and Acf to RhB (EAcf-RhB) can be used to calculate the overall
energy transfer efficiency in case of multi step energy transfer fol-
lowing process (a) (case i of Fig. 1) [30].

E multi�stepð Þ ¼ EPy�Acf � EAcf �RhB

The values of EPy-Acf and EAcf-RhB can be obtained from the
normal FRET between the corresponding pairs.

In the present case it has been observed that multi step FRET
efficiency is 18.24% (Table 1).

However, complicated calculations as well as more experi-
mental observations are required to have idea about the multi step
FRET efficiency following process (b) (case-iii of Fig. 1) [30]. It was
not done in the present manuscript.

On the other hand the intermolecular separation between
donor and acceptor for the two individual steps can be used to
have idea about the distance between Py and RhB, the donor and
final acceptor in case of multi step FRET is given by [30],

rPy�RhB ¼ rPy�Acf þrAcf �RhB

where rPy-Acf ¼ distance between Py and Acf when conventional
FRET occurred in between them.

And rAcf-RhB ¼ distance between Acf and RhB when conven-
tional FRET occurred in between them.

In the present case rPy-RhB¼13.018 (6.36þ6.658) nm. This
indicates that using multi step FRET demonstrated here it is pos-
sible to study the molecular level interaction beyond 10 nm, which
is the typical distance limit in case of normal FRET. However, it is
relevant to mention in this context that the calculated distance
between donor and acceptor [either (Py, Acf) or (Acf, RhB)] for a
particular FRET pair gives idea about the real distance in the cor-
responding FRET system. In the present case the distance between
Py-Acf (6.658 nm) and Acf-RhB (6.36 nm) gives the exact distance
between the dyes in their homogeneous solution. However, in case
of multi step FRET (Py-Acf-RhB) the distance between donor
and the final acceptor can be obtained by adding rPy-Acf and rAcf-RhB
provided if all the three molecules remain collinear. In solution
they may not be collinear in real case so the donor acceptor dis-
tance will be less.

3.5. Measurement of fluorescence lifetime

In case of FRET investigation the measurement of fluorescence
lifetime of donor in presence and absence of acceptor gives con-
firmative evidence of FRET [31]. Normally in case of FRET the
excited state lifetime of donor decreases in presence of acceptor
[31]. Accordingly from the fluorescence decay curve, we have



Fig. 6. Fluorescence spectra of Py-Acf-RhB (1:1:1 volume ratio) mixture in pre-
sence of different concentrations (1, 2, 3, 4 and 5 ppm) of clay. The exciting
wavelength was 300 nm. Dye concentration were 2.85�10�7 M.
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measured the lifetime of the individual dyes (donor) and their
mixture. The lifetimes are determined by fitting the data to a
single exponential decay curve. Corresponding decay curves and
lifetimes are given in the Fig. 5 and Table 2 respectively. The decay
curves for Py, Py-Acf, Py-Acf-RhB are recorded with excitation
wavelength fixed at 300 nm (close to the absorption maximum of
the donor (Py)). It has been observed that excited state lifetime of
pure Py is 5.1 ns. However the excited state lifetime of Py
decreases in presence of Acf, RhB and Acf-RhB both compared to
that of pure Py. However, in presence of RhB the decrease is very
small (from 5.1 ns to 4.9 ns). This indicates the extent of FRET
between Py and RhB is very less. On the other hand in presence of
Acf or Acf-RhB extent of decrease in lifetime is significant, indi-
cating appreciable amount of FRET. Interestingly the decrease in Py
lifetime in case of Py-Acf-RhB mixture is more compared to that
for Py-Acf. This is because in the Py-Acf-RhB mixture multi step
FRET occurred either following process (a) (case i of Fig. 1) or
process (b) (case iii of Fig. 1) as mentioned earlier in subsection
3.3. If multi step FRET occurred following process (a) then pre-
sence of RhB should affect the molecular environment i.e. the
distance between Py-Acf or the orientation between transition
dipole moment vectors of Py and Acf. These results enhancements
of energy transfer from Py to Acf in presence of RhB; followed by
energy transfer from Acf to RhB. On the other hand if the multi
step energy transfer occurred either following process (b) (case iii
of Fig. 1) then it can be said that energy transfer between Py-RhB
in presence of Acf plays an important role which was very small
for the Py-RhB mixture only. As a whole, quenching of Py fluor-
escence in case of Py-Acf-RhB mixture is higher than that in Py-Acf
mixture. Accordingly, decrease in Py life time (2.4 ns) is significant
in Py-Acf-RhB mixture. FRET efficiencies have also been calculated
using life time values. These results are in good agreement with
the corresponding values of FRET efficiencies calculated using the
fluorescence spectra (Table 1). Also FRET between Acf and RhB is
confirmed by recording the fluorescence decay curve of pure Acf
and Acf-RhB mixtures with monitoring excitation wavelength
fixed at 420 nm (close to the absorption maximum of the donor
(Acf)). Observed decrease in excited state lifetime of Acf in pre-
sence of RhB (from 4.2 to 2.1 ns) confirms the FRET.

3.6. Effect of clay on energy transfer

Distance dependent FRET efficiency can be enhanced by
increasing the close proximity between donor and acceptor [32]. It
has been observed that in presence of nano-clay particles, FRET
efficiency increases [32]. Clay particles are natural nanoparticles
with large surface area, cation exchange capacity, layer structure
and intercalation properties [33–35] They are considered as ideal
host material to incorporate ionic molecules as well as neutral
molecules through cation exchange reaction and intercalation [18,
33]. At present in order to increase the FRET efficiency, we have
studied the FRET experiments in presence of clay particle laponite.
Corresponding spectra are shown in the supporting material
(Figs. 4 and 5 of supporting information). It has been observed that
the energy transfer efficiency increases in presence of clay for both
the FRET pairs compared to that in absence of clay. This has been
manifested as the decrease in the donor fluorescence and corre-
sponding increase in acceptor fluorescence in the fluorescence
spectra of donor–acceptor mixture (either Py-Acf / Acf-RhB in
Figs. 4 and 5 of supporting information). It has been observed that
in presence of clay the energy transfer efficiencies increases up to
75% and 85% for the normal FRET between Py-Acf and Acf-RhB
respectively. This increase in efficiency is due to the fact that
donor–acceptor molecules come closer when they are incorpo-
rated onto clay layer either in the clay surface through ion
exchange reaction or between the clay layers through intercalation
[18, 32–35]. Also the spectral overlap integral is affected when dye
molecules are incorporated onto clay layer [32]. This has been
confirmed from the change in spectral overlap between donor
fluorescence and acceptor absorbance (Fig. 6 of supporting infor-
mation). This is because the spectra of both Acf and RhB are
affected in presence of clay. Accordingly the FRET efficiency also
increases. We have also performed the FRET experiment for these
two pairs by varying clay concentrations (1, 2, 3, 4, 5 ppm). Cor-
responding FRET parameters are listed in Tables 3 and 4. It has
been observed that FRET efficiency increases with increase in clay
concentration for both the cases. Interestingly beyond the clay
concentration of 5 ppm the FRET efficiency remains almost
unchanged. This may be due to the fact that with increasing clay
concentration number of dye molecules onto clay template
increases due to increasing number of available clay template.
However, at 5 ppm clay concentration all the dye molecules are
transferred onto clay layer leaving no free dye molecules on the
solution for further adsorption onto clay surface even with
increase in clay concentration. This has been confirmed by
observed increase in FRET efficiency for clay concentration beyond
5 ppm and increasing dye concentration (figure not shown). It is
relevant to mention in this context that in our previous studies
energy transfer efficiency between a thiacyanine dye and a Rho-
damine dye increases in presence of clay laponite [36–37].
Decrease in donor–acceptor distance and change in dye orienta-
tion in presence of clay was responsible for this.

The fluorescence spectra of Py-Acf-RhB mixture with excitation
wavelength 300 nm in presence of clay laponite is shown in Fig. 6.
From the figure it has been observed that the Py fluorescence
intensity decreases in presence of clay compared to that in absence
of clay. On the other hand the Acf and RhB fluorescence increases
compared to those in absence of clay. This suggests that in pre-
sence of clay the multi step energy transfer efficiency also
increases. Multi step FRET experiments using Py-Acf-RhB mixtures
were also investigated by varying clay concentrations. It has been
observed that FRET efficiency increases with increase in clay
concentration and become maximum at clay concentration of
5 ppm (Corresponding FRET parameters are listed in Table 5).
4. Conclusions

FRET between three laser dyes Py, Acf and RhB has been suc-
cessfully investigated. These three dyes can be used as two



Table 5
Multi step FRET efficiency and distance between initial donor (Py) and final
acceptor (RhB) considering all the three molecules are collinear in presence and
absence of clay (values of r are calculated using the data of table 1, 3 and 4). Dye
concentration were 2.85�10�7 M.

Conc. of clay
(ppm)

r (nm) Multi step FRET efficiency (E%) E (multi-step) ¼
EPy-Acf � EAcf-RhB

0 13.018 18.24
1 11.240 47.00
2 11.019 53.15
3 11.002 58.00
4 10.905 62.00
5 10.805 64.00
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independent FRET pairs as (i) Py & Acf and (ii) Acf & RhB. Normally
very minute amount of energy transfer occurred between Py and
RhB. However, in presence of Acf energy transferred from Py to
RhB. Here energy transfer from Py to RhB occurred in two steps –
(i) firstly from Py to Acf and (ii) secondly Acf transfer this energy to
RhB. In this multi step FRET Acf molecules act as reception as well
as transmission antenna which receive energy from Py and
transmit the same to RhB. Also direct energy transfer from Py to
RhB may become significant in presence of Acf. It has been
demonstrated that FRET efficiency for both the conventional as
well as multi step FRET efficiencies can be increased by incorpor-
ating nano clay particle Laponite. This process can be applied for
increasing the efficiency during FRET experiments using other
dyes. Our results can be used to investigate the molecular
dynamics of multi-branched macromolecules as well as to inves-
tigate beyond conventional FRET distances of the order of 1–
10 nm. Also these results can be used in dye lasers for extending
the excitation wavelength as one of the dye RhB is already used in
dye lasers.
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