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Fluorescence  resonance  energy  transfer  (FRET)  between  two dyes  acriflavine  (Acf)  and  rhodamine  B (RhB)
were investigated  in solution  and  layer-by-layer  (LbL)  self  assembled  films  in  presence  and  absence  of
clay mineral  laponite.  UV–Vis  absorption  and  fluorescence  spectroscopy  studies  suggest  both  the  dyes
present mainly  as  monomer  in  solution  and  films.  Energy  transfer  occurred  from  Acf  to  RhB  in solution
and  LbL  films.  The  energy  transfer  efficiency  increases  in  presence  of  clay  laponite  and  the  maximum
efficiency  were  92.50%  and  55.71%  in clay  dispersion  and  in LbL  films  respectively.  Presence  of  laponite
eywords:
luorescence resonance energy transfer
yes
lay
aponite

particles  onto  LbL  film  was  confirmed  by  atomic  force  microscopy  investigations  with  a surface  coverage
of more  than  75%.  Energy  transfer  efficiency  was  pH  sensitive  and  the energy  transfer  efficiency  varies
from  4.5%  to  44.45%  in  mixed  dye  solution  for  a  change  in  pH  from  3.0 to  12.0.  With  proper  calibration  it
is  possible  to use  the  present  system  under  investigation  to  sense  pH over  a wide  range  of  pH  from  3.0
to  12.0.
ayer-by-layer

. Introduction

Fluorescence resonance energy transfer (FRET) is an electrody-
amic phenomenon that can occur through the transfer of excited
tate energy from donor to acceptor. The theoretical analysis was
ell developed by Förster [1,2]. The rate of energy transfer depends
pon the extent of spectral overlapping area of the fluorescence
pectrum of donor with the absorption spectrum of the acceptor,
he relative orientation of the donor and acceptor transition dipoles
nd the distance between these molecules [1–3]. Due to its sensi-
ivity to distance, FRET has been used to investigate molecular level
nteraction [3–10]. Fluorescence emission rate of energy trans-
er has wide applications in biomedical, protein folding, RNA/DNA
dentification and their energy transfer process [4–10].

FRET mechanisms are also important to other phenomena,
uch as photosynthesis kinetics, chemical reactions and Brown-
an dynamics [11,12]. Recently, FRET phenomenon have been
mployed for the conformation of proteins and knowing their
tructure [13], for the detection of spatial distribution and assem-
ly of proteins [14], for the designing biosensor [15], for nucleic

cid hybridization [16], distribution and transport of lipids [17].

On the other hand clay platelets are natural nanoparticles with
ayered structure. Due to the cation exchangability of clay, the
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cationic dye molecules are adsorbed onto the clay surfaces [18,19].
Dye adsorption enhances the concentration of the dye molecules,
which may  promote their intermolecular physical and chemical
interactions. For example, if two  molecules are in close proxim-
ity, fluorescence resonance energy transfer may  occur. Probably
first record on efficient energy transfer in clay mineral systems,
based on the interaction between two  different dyes are clay min-
eral dispersions with cyanine and rhodamine dyes simultaneously
adsorbed on clay mineral surfaces [19,20]. Further examples of
energy transfer in clay mineral systems are triplet–triplet energy
transfer from bound sensitizers to mircene [21] and to aromatic
hydrocarbons adsorbed in hydrophobic organo-clay [22]. It was
observed that the clay/porphyrin complexes are promising and
prospective candidates to be used for construction of efficient arti-
ficial light-harvesting system [23]. Czímerová et al. [24] reported
prominent energy transfer among laser dyes in saponite dispersion.
The FRET between cationic polypeptide polylysine and cyanine
dyes was reported in LbL films of clay minerals [25]. Bujdák et al.
studied the FRET between two  rhodamines Rh123 (donor) and
Rh610 (acceptor) in both solution and in presence of nanoclay
saponite (SAP) [26]. It was  observed that the FRET efficiency was
higher in presence of SAP. The clay mineral works as templates for
concentrating the dyes, accordingly the intermolecular separation
between them decreases. To avoid the aggregation and the fluo-

rescence self quenching of the dyes, a hydrophobic surfactant was
introduced which suppressed the aggregation of the dyes [26]. In
another work by the same group, FRET phenomenon between laser
dyes rhodamine 123 (R123), rhodamine 610 (R610), and oxazine

dx.doi.org/10.1016/j.jphotochem.2012.12.003
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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 (Ox4) has been reported. The dye molecules played the role of
olecular antennas and energy donors (R123), energy acceptors

Ox4), or both (R610). It was observed that the FRET efficiency
ncreases in presence of laponite [27]. In one of our previous work

e have observed that the energy transfer efficiency among dyes
ssembled in Langmuir–Blodgett films increases in presence of clay
heets [3].

In  the present communication, the FRET phenomenon between
wo laser dyes acriflavine (Acf) and rhodamine B (RhB) has been
eported. We  investigated this phenomenon in aqueous solution,
lay dispersion and in layer-by-layer (LbL) self assembled films.
lso the effects of pH on the FRET efficiency have been investigated.
hese two dyes Acf and RhB are in principle suitable for FRET [28].
oth the dyes are highly fluorescent. The fluorescence spectrum
f Acf sufficiently overlaps with the absorption spectrum of RhB.
ahare et al. [28] observed energy transfer in binary solution mix-
ure of acriflavine and rhodamine 6G and acriflavine and rhodamine

 by life time measurement. The spectra of Acf are highly pH sen-
itive due to the presence of electron donor type functional group
29]. Excitation energy transfer between acriflavine and rhodamine
G as pH sensor has already been demonstrated [29]. However,
ffect of nanoclay platelet laponite as well as pH on energy trans-
er using Acf and RhB has never been studied. Therefore it is very
nteresting to study the FRET parameters at different pH using Acf
s donor in order to explore their possible application as pH sen-
or. The aim of this study was to investigate the effect of nanoclay
latelet laponite and pH on FRET efficiency between these two
yes in solution and in LbL films in order to explore their possible
pplications.

. Experimental

.1. Materials

Both the dyes Acf and RhB were purchased from Sigma Chemi-
al Co., USA and used as received. Molecular structures of the dyes
re shown in the inset of Fig. 1. Millipore water or HPLC grade
ethanol [Acros Organics, USA] were used as solvent. The clay
ineral used in the present work was laponite, obtained from

aponite Inorganic, UK and used as received. The concentration of

lay dispersion was kept 2 ppm throughout the experiment. The
ize of the clay platelet is less than 0.05 �m and CEC is 0.739 meq/g
etermined with CsCl [30]. The clay dispersion was  prepared in
illipore water and stirred for 24 h with a magnetic stirrer followed

ig. 1. Normalized UV–Vis absorption and fluorescence spectra of Acf and RhB in
queous solution. The overlap between Acf fluorescence and RhB absorption spectra
s  shown by shaded region. Inset show molecular structure of (a) RhB and (b) Acf.
ye concentration was 10−6 M.
biology A: Chemistry 252 (2013) 174– 182 175

by 30 min  ultrasonication before use. Poly(acrylic acid) (PAA) and
poly(allylamine hydrochloride) (PAH) were used as polyanion
and polycation during layer-by-layer (LbL) self assembled film
preparation. Both PAA and PAH were purchased from Aldrich
Chemical Co., USA and was used without further purification.

2.2. Film preparation

Electrolyte deposition bath of cationic dye RhB and Acf were pre-
pared with 10−4 M aqueous solution using triple distilled deionized
(resistivity 18.2 M� cm) Millipore water. The anionic electrolytic
bath of PAA was  prepared also with triple distilled deionized Mil-
lipore water (0.25 mg/ml). LbL self assembled films were obtained
by dipping thoroughly clean fluorescence grade quartz substrate
alternately in solutions of anionic PAA and oppositely charged RhB
and Acf dye mixtures. LbL method utilizes the Van der Walls inter-
actions between the quartz slide and PAA as well as charge transfer
interaction between PAA and cationic dyes [31,32]. The quartz slide
was dipped in the aqueous solution of PAA for 30 min. Then it was
taken out and sufficient time was allowed for drying and then rins-
ing in water bath for 2 min  so that the surplus anion attached to
the surface washed off. The dried substrate was  then immersed
in cationic dye mixture (RhB + Acf) followed by same rinsing pro-
cedure. Deposition of PAA and RhB and Acf layers resulted in one
bi-layer of self assemble film. The incorporation of clay in the LbL
film was done with the help of aqueous PAH solution (0.25 mg/ml).
For this the quartz slide was  first dipped in electrolytic polycation
(PAH) aqueous solution for 30 min  followed by same rinsing in
water bath and drying procedure and then dipped into the anionic
clay dispersion which is again followed by rinsing action in water
bath. The slide thus prepared was  dipped in the cationic electrolytic
solution of RhB and Acf. Due to electrostatic interaction cationic Acf
and RhB were adsorbed onto the negative charged surface of the
clay in LbL films.

2.3. UV–Vis absorption and fluorescence spectra measurement

UV–Vis absorption and steady state fluorescence spectra were
recorded by a Perkin Elmer UV–Vis Spectrophotometer (Lambda-
25) and a Perkin Elmer Fluorescence Spectrophotometer (LS-55)
respectively. The fluorescence light was  collected from the sample
surface at an angle of 45◦ (front face geometry) and the excitation
wavelength was 420 nm.

2.4. Theoretical considerations

Solving the enigma surrounding fluorescence quenching exper-
iments revealed the phenomenon of FRET and led Perrin [33] to
propose dipole–dipole interactions as the mechanism via which
molecules can interact without collisions at distances greater than
their molecular diameters. Some 20 years later, Förster [1,2] built
upon Perrin’s idea to put forward an elegant theory which provided
a quantitative explanation for the non-radiative energy transfer in
terms of his famous expression given by

kT (r) = 1
�D

(
R0

r

)6
(1)

where kT(r) is the rate of energy transfer from donor to acceptor,
r is the distance between donor and acceptor and R0 is the well-
known Förster radius given by the spectral overlap between the
fluorescence spectrum of the donor and the absorption spectrum

of the acceptor. The distance at which resonance energy transfer
is 50% efficient, is called the Förster distance. At r = R0, the transfer
efficiency is 50% and at this distance the donor emission would be
decreased to half of its intensity in the absence of acceptor.
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The value of R0 can be defined by the following expression
34–37]

6
0 =

[
9000(ln 10)k2�D

128�5Nn4

]∫ ˛

0

FD(�)εA(�)�4d� (2)

here FD the normalized fluorescence intensity of the donor; εA(�),
he extinction coefficient of the acceptor (in M−1 cm−1); �, the
avelength (in nm); �D, the fluorescence quantum yield of the
onor in the absence of acceptor; n, is the refractive index of
he medium; k2, orientation factor of transition dipole moment
etween donor (D) and acceptor (A); N, Avogadro number.

The integral part of Eq. (2) is known as the spectral overlap
ntegral J(�) and is given by

(�) =
∫ ˛

0

FD(�)εA(�)�4d� (3)

Therefore the above definition of R0 in Eq. (2) can be rewritten
n terms of J(�) with units M−1 cm−1 nm4 as

0 = 0.2108{k2n−4˚DJ(�)}1/6
(4)

here R0 is in units of A0.
The energy transfer efficiency can be termed as [34–36]

 = kT (r)

kT (r) + �−1
D

= �DkT (r)
1 + �DkT (r)

(5)

his is the fraction of the transfer rate to the total decay rate of the
onor. Using Eqs. (1) and (5) E can be defined as

 = R6
0

R6
0 + r6

(6)

ere, in the present work the efficiency of the energy transfer (E)
as calculated using the equation

 = 1 − FDA

FD
(7)

here FDA is the relative fluorescence intensity of the donor in the
resence of acceptor and FD is the fluorescence intensity of the
onor in the absence of the acceptor. This equation is equivalent
o Eq. (5) [37]. The values of J(�), R0 and r are calculated using Eqs.
3), (4) and (6).

The fluorescence quantum yield of the donor in the absence of
cceptor (�D) has been calculated by using the standard theory [38]
nd the calculated value of �D is 0.87 for pure acriflavine in aque-
us solution. The reported value of for �D Acf is very close to this
alculated value [29,39].

The orientation factor (k2) of transition dipole moment between
onor (D) and acceptor (A) mainly depends on the angle between
he transition dipole moments of D and A molecules and the angles
etween each of these two dipole moments with the vector con-
ecting their centers [40]. In this case the values of k2 are taken

rom reference [40] and are as follows:

(i) k2 = 2/3 (in case of solution where the dipole moments of the
individual molecules are orientational and rotate by them-
selves).

ii) k2 = 0.47 (in case of solid films where the dipole moments of the
individual molecules are orientational but they do not rotate by

themselves).

The value of refractive index (n) of the medium has also been
sed from the references. For water solution it is 4/3 [40], for clay
ispersion it is 1.39 [3],  for LbL film it is 1.59 [3] (quartz slide), for
aOH solution it is 1.36 [40].
biology A: Chemistry 252 (2013) 174– 182

3. Results and discussion

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

Normalized UV–Vis absorption and steady state fluorescence
spectra of pure Acf and RhB in aqueous solutions are shown in Fig. 1.
Both absorption and fluorescence spectra are characteristics of the
presence of monomers. The fluorescence spectra were recorded by
exciting the corresponding absorption maxima of Acf and RhB. The
absorption and fluorescence maxima of Acf are centered at 449 and
502 nm respectively which is assigned due to the Acf monomers
[28]. Acf monomer absorption band within 444–453 nm depend-
ing on the concentration has been reported [41]. For Acf dimer it
has been reported that instead of a single monomer band two bands
at around 437 and 470 nm are observed with the intensity of the
blue band higher than the other [41].

On the other hand 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 [42]. Simi-
lar reports with RhB monomer bands at 553 nm and 0–1 vibronic
components of monomer at 525 nm have been reported. [43]. For
J-dimer of RhB the absorption bands are found to be red shifted
to 569 and 531 nm [43]. However, for H-dimer the dominance
of 531 nm band intensity with respect to the intensity of 553 nm
band have been reported [43,44]. The RhB fluorescence spectrum
shows prominent band at 571 nm which is assigned due to the RhB
monomeric emission [42].

A close look in Fig. 1 reveals that there exists sufficient overlap-
ping of Acf fluorescence spectrum and RhB absorption spectrum.
This justifies the selection of these two dyes in order to quantify
energy transfer from Acf to RhB. Here Acf acts as a donor and RhB
acts as an acceptor. Also both the dyes are highly fluorescent, which
are the prerequisite for FRET to occur [1–3].

3.2. FRET between Acf and RhB

3.2.1. Solution and clay dispersion
In order to investigate the possible FRET between Acf and RhB,

the fluorescence spectra of Acf, RhB and their mixture in different
conditions are measured with exciting wavelength at 420 nm.  The
excitation (absorption) wavelength was selected approximately to
excite the Acf molecules directly and to avoid or minimize the direct
excitation of the RhB molecules.

Fig. 2a shows the fluorescence spectra of pure Acf, RhB and their
mixture (50:50 volume ratios) in aqueous solution as well as in clay
dispersions. Fig. 2a reveals strong prominent Acf fluorescence band
where as the RhB fluorescence band is very less in intensity in case
of pure dye solution. The less intensity of pure RhB fluorescence
band indicates very small contribution of direct excitation of the
RhB molecules. The fluorescence spectra of Acf–RhB mixture is very
interesting, here the Acf fluorescence intensity decreases in favor
of RhB fluorescence band. This decrease in Acf fluorescence inten-
sity is due to the transfer of energy from Acf to RhB molecules. This
transferred energy excites more RhB molecules followed by light
emission from RhB, which is added to the original RhB fluorescence.
As a result the RhB fluorescence intensity gets sensitized. Inset
of Fig. 2a shows the excitation spectra measured with excitation
wavelength fixed at Acf (500 nm)  and RhB (571 nm)  fluorescence
maxima in case of Acf–RhB mixed aqueous solution. Interestingly
both the excitation spectra are almost similar and possess charac-

teristic absorption bands of Acf monomers. This confirms that the
RhB fluorescence is mainly due to the light absorption by Acf and
corresponding transfer to RhB monomer. Thus FRET between Acf
to RhB has been confirmed.
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Fig. 2. (a) Fluorescence spectra of RhB (1), Acf (2), and Acf + RhB (50:50) mixture (3) in aqueous solution and RhB (4), Acf (5), and Acf + RhB (50:50) mixture (6) in clay
dispersion. Inset shows the excitation spectra for Acf + RhB mixture with excitation wavelength at 500 (I) and 571 (II) nm. (b) Fluorescence spectra of Acf and RhB mixture
i r (Ac
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Also the scattering of light by the clay templates are not same in
both the cases due to difference in orientation of the dye molecules
adsorbed on to clay surface.

Table 1
Fluorescence intensity and band position of Acf and RhB mixtures in aqueous solu-
tion and in clay dispersion. Excitation wavelength was 420 nm.

1:1 volume ratio of
Acf and RhB

Acf fluorescence RhB fluorescence
n  aqueous laponite dispersion at different concentration for fixed amount of dono
pectra were measured with excitation wavelength 420 nm.  Dye concentration was

It is worthwhile to mention in this context that when a molecule
s excited can transfer its energy to another identical molecule
homo-transfer) or different molecule (hetero-transfer) through
adiative reabsorption, or through direct charge exchange (Dexter-
ype transfer), or through non-radiative dipole–dipole coupling
Förster-type transfer) [46]. Dexter-type energy transfer is promi-
ent when the donor and acceptor are in sub-nanometric distance
part. Radiative re-absorption energy transfer is a trivial case where

 real photon emitted by a donor is absorbed by an acceptor. It
s the non-trivial energy transfer phenomenon known as FRET or
imply RET in which we are interested. [45]. FRET is more sensitive
t shorter distances (1–10 nm)  between donor and acceptor and
adiative transfer is dominant at longer distances [46]. At very close
istances (<1 nm), Dexter-type energy transfer dominates where
he wave functions of the two entities start overlapping allowing
or electron exchange [47]. To avoid the Dexter-type transfer, the
istance between donor and acceptor should be >1 nm and radia-
ive reabsorption can be ignored by considering a larger distance
etween the donor acceptor pair.

In our present case we have also studied the energy transfer
sing very dilute solution and from the spectral characteristics
e have calculated the donor–acceptor distance which is within

he range of FRET (1–10 nm). This confirms only the non-radiative
nergy transfer (FRET) from Acf to RhB. Sahare et al. also studied
nergy transfer using same donor–acceptor pair and confirmed the
rocess as FRET [28].

In order to check the effect of nanoclay platelets on FRET, we
easured the fluorescence spectrum of pure Acf, RhB as well as
cf–RhB mixture in laponite clay dispersion [Fig. 2a]. Intensities
nd band positions for Acf and RhB fluorescence are listed in Table 1.
 red shift of RhB fluorescence band of the order of 8 nm occurred.
uch smaller shift in RhB fluorescence in montmorillonite and hec-
orite were reported and attributed to monomer fluorescence of
hB adsorbed on the external clay surface or in the interlamellar
f). Inset shows the FRET efficiency as a function of acceptor concentration. All the
M.  For clay dispersion the dye loading was  0.1% of CEC of laponite.

regions of clay sheets [19]. In the present case we also consider that
clay dispersions mainly contain the RhB monomer and the observed
shift is due to the consequent adsorption of dye molecules on the
clay surface and in the interlamellar space of the clay sheets. Also
the intensities of both Acf and RhB fluorescence decrease in clay dis-
persion. In order to check whether fluorescence self-quenching is
concerned to this phenomenon we  have measured the fluorescence
intensity with higher dye concentration and observed that there
was no decrease in fluorescence intensity due to self-quenching.
This confirms that there is no fluorescence self-quenching. Similar
decrease in fluorescence intensity in presence of clay platelets has
been reported and attributed to be due to the scattering of light by
the clay templates [24]. Therefore in the present case the decrease
in Acf and RhB fluorescence in presence of clay may  be due to the
light scattering by clay templates. It is interesting to mention that,
the absorbance and fluorescence intensity of any dye molecule in
presence of clay is very much dependent on the orientation of the
dye molecules when adsorbed on to the clay templates [24]. The dif-
ference in orientation of Acf and RhB molecules onto clay surface
may be responsible for a different degree of fluorescence intensity.
Band position
(nm)

Intensity Band position
(nm)

Intensity

Aqueous solution 502 897 571 58
Clay dispersion 502 756 579 49
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Table 2
Values of spectral overlap integral (J(�)), energy transfer efficiency (E%), Förster
radius (R0), and donor–acceptor distance (r) calculated from the spectral charac-
teristics of Figs. 2a and 3a.

J(�) × 1015 M−1

cm−1 nm4
E (%) R0 (nm) r (nm)

Aqueous solution 32.17 11.37 8.43 8.07
Clay  dispersion 53.71 78.17 6.60 5.33
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Table 3
Values of spectral overlap integral (J(�)), energy transfer efficiency (E%), Förster
radius (R0) and donor–acceptor distance (r) calculated from the spectral charac-
teristics of Fig. 2b.

% of acceptor (RhB) J(�) × 1015 M−1

cm−1 nm4
E (%) R0 (nm) r (nm)

20 43.25 32.41 5.87 6.63
30  46.87 39.15 6.10 6.56
40  50.52 55.02 6.38 6.16
50  53.71 78.17 6.60 5.33
60 56.72 84.10 6.87 5.20
70 60.10 87.20 7.20 5.23
80 63.50 90.40 7.53 5.18

F
(
s
d

LbL  film without clay 17.25 07.53 2.53 3.84
LbL  film with clay 25.17 32.54 3.23 3.44

The most interesting observation in clay dispersion was that
n the Acf and RhB mixed system the Acf fluorescence intensity
ecreases further in favor of RhB fluorescence intensity in presence
f nanoclay platelets (Fig. 2a, curve 6), results an increase in FRET
fficiency.

It is worthwhile to mention in this context that clay particles
re negatively charged and have layered structure [19,20]. Both
he dyes Acf and RhB under investigation are positively charged.
ccordingly due to the cation exchangeability of clay the dye
olecules are adsorbed onto the clay layers [19,20]. On the other

and FRET process is very sensitive to distances between the energy
onor and acceptor and occurs only when the distance is of the
rder of 1–10 nm [1–3]. Therefore, in the present case, clay parti-
les play an important role in determining the concentration of the
yes on their surfaces or to make possible close interaction between
nergy donor and acceptor in contrast to the aqueous solution. In
ne of our previous work we demonstrated the enhancement of
RET efficiency between two dyes in presence of nanoclay sheet
aponite [3].

Analysis of fluorescence spectra (Fig. 2a) reveal that the spec-

ral overlapping integral J(�) between the fluorescence spectrum
f Acf (donor) and absorption spectra of RhB (acceptor) as well
s energy transfer efficiency increases due to incorporation of
anoclay sheets (Table 2). Also due to the presence of nanoclay

ig. 3. (a) Fluorescence spectra of RhB (1), Acf (2), Acf + RhB (50:50) mixture (3) in LbL film
b)  Fluorescence spectra of Acf and RhB mixture for fixed amount of donor (Acf) and vary
hows  the variation of FRET efficiency as a function of acceptor concentration. All the spe
ye  deposition bath was prepared with dye concentration 10−4 M in aqueous solution. Cl
90  67.20 92.50 7.82 5.14

sheet laponite, the intermolecular distance between Acf and RhB
decreases from 8.07 nm to 5.33 nm.  So clay particles play a vital
role in concentrating the dyes on their surfaces and thus reducing
the intermolecular distance providing a favorable condition for effi-
cient energy transfer. Consequently the energy transfer efficiency
increases from 11.37% to 78.17% in presence of clay platelets (the
calculation procedure is shown in Supporting information).

In order to check the effect of donor/acceptor concentration on
FRET, fluorescence spectra of Acf–RhB mixture in presence of clay
platelet laponite were measured with fixed amount of Acf (donor)
and varying amount of RhB (acceptor). Fig. 2b shows the fluores-
cence spectra of Acf–RhB mixed dye system with fixed amount of
Acf and varying amount of RhB in presence of clay platelet laponite.
The values of spectral overlap integral (J(�)), energy transfer effi-
ciency (E), Förster radius (R0) and the donor acceptor distance
(r) calculated from Fig. 2b and listed in Table 3. Interestingly it
was observed that for a fixed amount of donor Acf the FRET effi-

ciency increases with the increase in acceptor concentration in the
Acf–RhB mixture. Maximum energy transfer efficiency (Table 3)
was 92.50% for acceptor concentration of 90%.

 without clay and RhB (4), Acf (5), Acf + RhB (50:50) mixture (6) in LbL film with clay.
ing amount of acceptor in LbL films in presence of clay particle laponite. The inset
ctra were measured with excitation wavelength 420 nm.  For LbL film preparation

ay concentration for clay deposition bath was 2 ppm.
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Table 4
Values of spectral overlap integral (J(�)), energy transfer efficiency (E%), Förster
radius (R0) and donor–acceptor distance (r), calculated from the spectral charac-
teristics of Fig. 3b.

% of acceptor (RhB) J(�) × 1015 M−1

cm−1 nm4
E (%) R0 (nm) r (nm)

20 15.33 8.82 2.78 4.10
30  18.87 17.50 2.95 3.81
40  22.25 26.10 3.10 3.68
50  25.17 32.54 3.23 3.44
60 28.20 40.20 3.51 3.75
70 31.50 47.10 3.82 3.89
D. Dey et al. / Journal of Photochemistry and

.2.2. Layer-by-layer self assembled films
Fig. 3a shows the fluorescence spectra of pure RhB, Acf and

heir mixture (50:50 volume ratios) in 1 bi-layer LbL self assem-
led films in presence and absence of clay particles. Here also pure
cf shows strong fluorescence with monomer band at 523 nm,  both

n presence and absence of clay, which is red shifted with respect
o aqueous solution or clay dispersion. This shift may  be due to the
hange in microenvironment when Acf molecules are incorporated
nto the polymer (PAH and PAA) backbone in the restricted geom-
try of solid surface during LbL film formation. For RhB the trend is
ery similar to clay dispersion and shows very weak fluorescence
ith peak at around 575 nm.  Energy transfer is observed for mixed
ye system in LbL film. However, the energy transfer efficiency is

ess compared to their solution counterpart. This observed decrease
n energy transfer efficiency with respect to solution may  be due to
he observed small value of the overlap integral (J(�)) in LbL films.
owever, in presence of clay the efficiency increases in LbL films.

Fluorescence spectra of AcF–RhB mixed LbL films prepared with
xed amount of Acf and varying amount of RhB in presence of clay

s shown in Fig. 3b. The corresponding energy transfer efficiency
E), Förster radius (R0), spectral overlapping integral (J(�)) and the
istance between the donor and acceptor (r) for Acf–RhB mixed LbL
lms are listed in Table 4. Here the trend is very similar to that of
lay dispersion. Here also the energy transfer efficiency increases
ith increase in acceptor concentration in the mixed films. The
aximum FRET efficiency was 55.71% for an acceptor concentra-

ion of 90% in the mixed LbL films.

.3. Effect of pH on FRET

Among the molecules under current investigation Acf is pH sen-
itive because of its basic nature of the central nitrogen atom [48].

he fluorescence spectra of Acf are affected with change in pH [29].
his may  in turn cause a change in spectral overlapping of the
onor fluorescence and acceptor absorbance resulting a change in
RET efficiency. In order to check the effect of pH on FRET process,

Fig. 4. Plot of (a) spectral overlap integral J(�) and (b) e
80 34.70 51.50 4.13 4.09
90  37.27 55.71 4.50 4.33

fluorescence spectra of Acf–RhB mixture in aqueous solution pre-
pared at different pH were measured (figure available in Supporting
information). It was observed that the Acf fluorescence was red
shifted with decrease in pH.

It is interesting to mention in this context that proflavine
molecule is very similar to acriflavine with regards to protona-
tion and deprotonation. Proflavine has been found to exist as
single protonated, double protonated as well as neutral molecules
in aqueous solution with pKa ∼9.5 for single protonated and 0.2
for double protonated form [49,50]. The excited state dissociation
constants are 12.5 for single protonated and 1.5 for double proton-
ated species. It has been observed that acriflavine mainly remain
as double protonated form in nafion (a perfluorosulfonate cation
exchange membrane) due to the high local proton concentration
[50]. Larger red shift in Acf fluorescence in nafion has been observed
and explained due to change in the dipole moments in the excited
state of the double protonated Acf [49] and due to the broad distri-
bution of pKa in nafion matrix [49]. In the present case at lower pH

red shift of Acf fluorescence is observed. At lower pH Acf molecules
mainly remain as double protonated form due to the increase in
local proton concentration with decreasing pH. Accordingly the
dipole moments of the excited state of double protonated Acf have

nergy transfer efficiency (E%) as a function of pH.
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Table 5
Values of spectral overlap integral (J(�)), energy transfer efficiency (E%), Förster
radius (R0) and donor–acceptor distance (r), calculated from the fluorescence spectra
of  aqueous solution of Acf–RhB mixture measured at different pH.

pH of AcF solution J(�) × 1015 M−1 cm−1 nm4 E (%)

3.0 18.00 04.50
4.5  23.80 07.20
6.0  30.10 14.11
7.5  34.90 21.70
9.0  39.40 28.50
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10.5  43.20 35.20
12 47.70 44.45

een changed. This change in dipole moments may  be responsible
or the observed large stoke shift/red shift of the Acf fluorescence.

The values of J(�) and FRET efficiencies calculated from the spec-
ra measured at different pH are listed in Table 5. Interestingly it
as observed that the FRET efficiency increases with increase in pH.

t was found that for the same donor acceptor concentration and
xcitation wavelength, the value of spectral overlap integral J(�)
hanges a lot with change in pH. But the shape of the fluorescence
pectra remains almost similar.

It is worthwhile to mention in this context that RhB contains
COOH group, which can dissociate in certain conditions to form
ations–anions (zwitterions). In basic medium RhB shows the zwit-
erionic form which could be responsible for the close interaction
etween cationic acriflavine (Acf+) and COO− group of zwitteri-
nic RhB. This will increase the possibility of closer approach of Acf
nd RhB at higher pH resulting an increase in FRET efficiency. In
cidic medium (lower pH) RhB generally remains in cationic form
ith lower pKa value [51]. Also the shift of Acf fluorescence with
H results a change in spectral overlap between Acf fluorescence
nd RhB absorbance, i.e. J(�) value. This will in turn effect the FRET
fficiency.

The electron donor type functional group of Acf become more
asic with increase in pH in the excited state, consequently the
uorescence spectra shifts toward shorter wavelength providing

 larger value of spectral overlap integral (Table 5) with increas-
ng pH. This increase in J(�) in turn causes an increase in FRET
fficiency. The value of J(�) changes from 18 × 1015 M−1 cm−1 nm4

o 47.7 × 1015 M−1 cm−1 nm4 for change in pH from 3.0 to 12.0.
ccordingly the energy transfer efficiency varies from 4.5% to
4.45%. Therefore in the present system under investigation the
RET process between Acf and RhB is very pH sensitive.

Fig. 4a and b show the plot of spectral overlap integral J(�) and
nergy transfer efficiency (E) as a function of pH. Interestingly it was
bserved that both J(�) and E increases almost linearly with increas-
ng pH. Therefore, pH dependence of the energy transfer between
he present donor–acceptor pair Acf and RhB under investigation

akes the system a suitable candidate for sensing pH. Any of the
ata from Table 5 may  be used to sense the pH with appropriate
alibration.

It is interesting to mention in this context that energy transfer
as already been used for pH measurement [29]. Chan et al. demon-
trated Förster resonance energy transfer (FRET)-based ratiometric
H nanoprobes where they used semiconducting polymer dots as a
latform. The linear range for pH sensing of the fluorescein-coupled
olymer dots was between pH 5.0 and 8.0 [52]. Egami et al. has

ntroduced a fiber optic pH sensor, using polymer doped with either
ongo red (pH range 3–5) or methyl red (pH range from 5 to 7)
53]. pH sensor based on the measurement of absorption of phe-
ol red has also been reported [54], which can sense a pH range of

–7.4. In the present system of pH measurement using the change

n FRET parameter with pH is capable of measuring over a wide
ange of pH 3.0–12.0. This is one advantage with respect to previous
ystem.
Fig. 5. (a and b) AFM image of Acf–RhB mixed LbL film in presence of clay laponite.

3.4. Atomic force microscopy
To confirm the incorporation of clay particles onto LbL films and
to have idea about the structure of the film, LbL film was  studied
by atomic force microscope (AFM). Fig. 5a and b show typical AFM
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Fig. 6. Schematic representat

mage of PAH–laponite–Acf–RhB hybrid LbL film deposited on a
i substrate along with the line analysis spectrum. In the figure,
he laponite particles are clearly visible. The hybrid film consists of

 close-packed array of hybridized laponite particles. The surface
overage is more than 75%. Few overlapping of laponite particles are
lso observed. White spots are indicative of aggregates of laponite
articles; while some uncovered regions are also observed. From
he height profile analysis, it is seen that the height of the mono-
ayer varies between −2 nm and +2 nm.  This includes the height of
he PAH layer on substrate plus the height of the laponite layer, and
cf and RhB molecules adsorbed onto the clay surfaces. It is worth-
hile to mention in this context that AFM image of Acf–RhB LbL film
ithout clay shows a smooth surface indicating the uniform depo-

ition of dyes without any aggregates (figure not shown). Since the
imension of the individual dye molecules are beyond the scope
f resolution, hence its not possible to distinguish individual Acf or
hB molecules. Therefore, as a whole the AFM investigation give
ompelling visual evidence of incorporation of laponite particles
nto the LbL films.

.5. Schematic representation of FRET in LbL

A schematic diagram showing the FRET process between Acf
nd RhB in LbL film in presence and absence of nanoclay platelet
s shown in Fig. 6a and b. In LbL films without clay the anionic
olymer (PAA) was attached to the quartz backbone by Van der
alls force and then the cationic sample molecules (Acf and RhB)
ere attached to the polymer backbone with electrostatic attrac-

ion (Fig. 6a). On the other hand, in presence of clay the cationic
olymer (PAH) was first attached to the quartz backbone by Van
er Walls force and then the anionic clay platelets were attached
o the polymer backbone through electrostatic attraction followed
y successive adsorption of the cationic sample molecules (Acf and
hB) onto negatively charged clay platelets (Fig. 6b). From the spec-
roscopic study no aggregation was observed in the LbL complex

oreover the height profile of the AFM image (Fig. 5) also shows
hat the distribution of the dye molecules is uniform over the LbL
omplex. Uniform distribution of the dye molecules in the LbL com-
lex are also shown in the schematic diagram.

. Conclusion
Fluorescence resonance energy transfer (FRET) between two
uorescent dyes acriflavine and rhodamine B were investigated
uccessfully in solution and layer-by-layer (LbL) self assembled
lms in presence and absence of clay mineral particle laponite.
the structure of LbL complex.

UV–Vis absorption and fluorescence spectroscopy studies reveal
that both the dyes present mainly as monomer in solution and films
and there exist sufficient overlap between the fluorescence spec-
trum of Acf and absorption spectrum of RhB, which is a prerequisite
for the FRET to occur from Acf to RhB. Energy transfer occurred from
Acf to RhB in both solution and LbL films in presence and absence of
laponite. The energy transfer efficiency increases in presence of clay
laponite in both solution and in LbL films. The maximum efficien-
cies were found to be 92.50% and 55.71% for the mixed dye system
(90% RhB + 10% Acf) in clay dispersion and LbL films respectively.
Atomic force microscopy investigations confirmed the presence of
laponite particle in LbL films with a surface coverage of more than
75%. Due to the basic nature of the central nitrogen atom Acf is pH
sensitive and it was  observed that the overlap between Acf fluo-
rescence and RhB absorption spectrum changes with change in pH.
Consequently energy transfer efficiency was found to be pH sen-
sitive and varies from 4.5% to 44.45% in mixed dye solution for a
change in pH from 3.0 to 12.0. With proper calibration it is possible
to use the present system under investigation to sense pH over a
wide range of pH from 3.0 to 12.0.
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