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a b s t r a c t

Dependence of energy transfer parameters on excitation wavelength has been investigated in poly (methyl
methacrylate) (PMMA) optical fibre preforms doped with C 540:Rh B dye mixture by studying the fluo-
rescence intensity and the lifetime variations. A fluorescence spectrophotometer was used to record the
vailable online 22 June 2008

eywords:
ptical fibre preform
nergy transfer
ethyl methacrylate

excitation spectra of the samples for the emission wavelengths 495 and 580 nm. The fluorescence emission
from the polymer rods was studied at four specific excitation wavelengths viz; 445, 465, 488 and 532 nm.
The fluorescence lifetime of the donor molecule was experimentally measured in polymer matrix by time
correlated single photon counting technique. The energy transfer rate constants and transfer efficiencies
were calculated and their dependence on the acceptor concentration was analysed for three excitation
wavelengths. It was found that any change in the excitation wavelength leads to significant variations in
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. Introduction

Intermolecular energy transfer between two distinct molecular
pecies in the condensed phase has been observed in numerous
olecular systems [1]. Following the introduction of dye lasers,

nergy transfer between dye molecules has been used to exploit the
bsorption properties of a lasing dye mixture for matching with the
mission spectrum of the optical pump source. The primary moti-
ation for the use of mixture of dyes as lasing medium was either an
mprovement in the laser performance or the possibility of multi-
requency operation [2]. Even though a number of techniques exist
or obtaining two or more wavelengths simultaneously from a sin-
le dye laser, they use several wavelength selective elements in
he dye laser cavity [3–5]. The use of dye mixture doped trans-
arent polymers in solid-state dye lasers and polymer optical fibre
mplifiers can be a very good method to extend these conventional
pproaches.

One of the important advantages of transparent polymers com-
ared to the traditional optical materials is that it is possible to
ntroduce organic dyes or other compounds that can play the role
f active components into the polymers, which appreciably changes
he characteristics of the polymer matrix [6,7]. Optical amplifiers
nd lasers made of dye-doped fiber require much less pump power

∗ Corresponding author. Tel.: +91 4842575848; fax: +91 4842576714.
E-mail address: kailas@cusat.ac.in (M. Kailasnath).
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hich in turn affect the calculated energy transfer parameters.
© 2008 Elsevier B.V. All rights reserved.

ompared with bulk material because of the effective confinement
nd long interaction length available in the fiber. Since photo-
leaching increases with the increase of the exposure intensity, low
ump intensity would increase the lifespan of the gain medium.
lso, the thin and long geometry of the fiber is ideal for good

hermal relaxation so as to minimize the thermally induced pho-
obleaching [8]. Recently, we have observed an enhancement in
he radiative energy transfer efficiency in the polymer phase of C
40:Rh B dye mixture compared to monomer when excited with a
45 nm laser beam [9]. However, the emission wavelengths and rel-
tive intensities can vary with excitation wavelength in such cases.
n the present study, we discuss the excitation wavelength depen-
ence of the fluorescence emission and energy transfer mechanism
sing coumarin 540 dye as donor in C 540:Rh B dye mixture doped
MMA rods.

. Theory

Detailed theory of energy transfer dye laser is discussed else-
here [10]. The rate constants for the radiative and nonradiative

nergy transfer mechanisms are given by Stern-Volmer plots given
y the equations
I0d

Id
= 1 + K�od[A] (1)

ϕ0d

ϕd
= 1 + Knr�0d[A] (2)

http://www.sciencedirect.com/science/journal/10106030
mailto:kailas@cusat.ac.in
dx.doi.org/10.1016/j.jphotochem.2008.05.026
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here I0d and Id are the fluorescence intensities of the donor in the
bsence and presence of acceptor respectively while, ϕ0d and ϕd
re corresponding quantum yields. �0d is the fluorescence lifetime
f the donor without acceptor and [A] is the acceptor concentra-
ion. K and Knr are total and non-radiative transfer rate constants
espectively. According to the Forster Dexter theory, the critical
adius for resonant energy transfer between the donor and acceptor
olecules are given by the expression [11]:

0 = [8.8 × 1023�2n−4�0dJ(�)]
1/6

(Å ) (3)

here �2 is the dipole orientation factor, n is the refractive index
f the medium, �0d is the fluorescence quantum yield of the donor
n the absence of acceptor and J(�) is the spectral overlap integral
iven by

(�) =
∫

εA(�)FD(�)�4 d� (cm3 M−1) (4)

here εA(�) is the extinction coefficient of acceptor and FD(�) is
he fluorescence emission intensity of the donor as a function of
he total integrated intensity. Evidently, any variation in the val-
es of εA(�) and FD(�) will result in a corresponding change in the
nergy transfer parameters. However, the fluorescence emission
pectrum is independent of excitation wavelength as long as the
xcitation wavelength is well within the absorption spectrum of
he molecule. Hence J(�) will not have significant dependence on
he donor excitation wavelength.

Experimentally, the critical transfer radius (R0), for which energy
ransfer from the excited donor (D*) to the acceptor [A] and emis-
ion from D* are equally probable, is given by [12]

0 = 7.35

([A]1/2)1/3
(5)

here [A]1/2 is the half quenching concentration which can be
btained under the condition:

I0d

Id
= 2

Total transfer efficiency � is written as the sum of two parts:

= �r + �nr (6)

As is well known, in the presence of acceptor, the fluorescence
ntensity of the donor is reduced from I0d to Id by energy transfer
o acceptor. A more practical expression for � of an energy transfer
ye laser (ETDL) system can be given by [13,14]:

= 1 − Id
I0d

(7)

The nonradiative transfer efficiency �nr is defined as [15]:

nr = 	1/2X exp(X2)(1 − erfX) (8)

here X is the molar concentration expressed relative to the critical
olar concentration of the acceptor.

. Experimental

A series of dye mixture doped polymer rods were fabricated
y the standard procedure for making the polymer optical fiber
reforms without cladding [16]. The donor concentration was kept
onstant at 10−5 m/l whereas the acceptor concentration was var-

ed from 4 × 10−5 to 7 × 10−4 m/l. The fluorescence emission from
he rods was measured using a Varian Cary-Eclipse fluorescence
pectrophotometer with excitation wavelengths 445, 465, 488 and
32 nm. Here, 445 nm is the longest excitation wavelength, which
as found to be suitable for avoiding any direct excitation of
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Fig. 1. A photograph of the fabricated performs.

he acceptor molecules. The wavelength 488 nm coincides with
he prominent argon ion laser emission but not well within the
bsorption spectrum of the donor while 532 nm matches with
he frequency doubled Nd:YAG laser wavelength, which is at the
bsorption maximum of the acceptor molecule. Finally, 465 nm
s an intermediate wavelength, which ensures a multiwavelength
mission from the fabricated rods. The excitation spectra of the
amples were also recorded in the fluorescence spectrophotome-
er for the peak emission wavelengths of 495 and 580 nm of the
onor and acceptor, respectively. Optical absorption spectra of the
amples were recorded on a Jasco V-570 spectrophotometer. The
uorescence lifetimes of the donor in pure form and in the presence
f acceptor in PMMA matrix were measured using time-correlated
ingle photon counting technique employing a micro channel plate
hotomultiplier tube (Hamamatsu R 3809 U-50) and a multichan-
el analyser. The measurement is made using an IBH-5000 Single
hoton Counting Spectrometer. A nano-LED (Spectra Physics) emit-
ing at 455 nm with a resolution of 200 ps was used as the excitation
ource. The fluorescence decay curves were analysed using an iter-
tive fitting program provided by IBH and no further deconvolution
as made.

. Results and discussion

Fig. 1 shows the photograph of the fabricated polymer optical
ber preforms doped with dye mixture with varying acceptor con-
entrations. Individual absorption spectra of Rh B (10−4 mol/l) and
540 (10−5 mol/l) in PMMA are presented in Fig. 2 along with the

mission spectrum of C 540 with a 445 nm excitation. Since a con-
iderable area under the emission line shapes of C 540 at 445 nm
xcitation overlaps with the absorption line shapes of Rh B, energy
ransfer from C 540 to Rh B is clearly possible, the extend of this
eing depended on the overlapping area. Fig. 3 depicts the net
bsorption spectra of the samples, which clearly shows that there
re significant modifications in the absorption pattern with accep-
or concentration. We attribute these changes in the absorption
pectra as due to the process of energy transfer as well as due to
he presence of aggregations like dimers and trimers in the sam-
les.

The excitation spectrum of the rods at 495 nm, is depicted in
ig. 4. It is clear that there is a significant shift in the peak wave-
ength of excitation for emission at this wavelength with acceptor
oncentration. From the pure donor, efficient fluorescence can be

xpected at an excitation wavelength of about 475 nm. This value
ontinuously reduces to 453 nm with an acceptor concentration
f 6 × 10−4 m/l. With increasing acceptor concentration the long
avelength tail of the donor emission increasingly gets absorbed
y the acceptor.
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Fig. 4. Excitation spectra of dye mixture doped PMMA for 495 nm emission.
(1) Donor only (5 × 10−5 m/l), (2) [A] = 4 × 10−5 m/l, (3) [A] = 7 × 10−5 m/l, (4)
[
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ig. 2. Overlapping of absorption and emission spectra in PMMA matrix. (A) absorp-
ion spectrum of C 540, (B) emission spectrum of C 540 for 445 nm excitation and
C) absorption spectrum of Rh B.

Also there is no efficient wavelength of excitation for emission
t 490 nm from the pure acceptor. Fig. 5a and b shows the excitation
pectra of the samples at the emission maximum of the accep-
or, i.e. 580 nm. A new peak appears in the excitation spectra in
he 570–580 nm region. As shown in Figs. 6–8, the fluorescence
pectrum of dye mixture exhibit double peak in the intermedi-
te acceptor concentrations corresponding to characteristic donor
nd acceptor emission. The peak emission from the acceptor shift
o higher wavelengths with increasing acceptor concentration [A]
nd it appears around 605 nm at highest [A]. In the excitation spec-
rum, at highest acceptor concentration as well as with pure donor,
he sharp peak at 580 nm results from the scattering of the excita-

ion radiation. At intermediate concentrations, there is fluorescence
mission around 570–580 nm and the given peak is due to the res-
nant fluorescence under 580 nm excitation. At highest acceptor
oncentration, the peak is shifted to higher wavelength and the

ig. 3. Net absorption spectra of dye mixture doped PMMA rods along with pure
onor emission. (1) Donor only (5 × 10−5 m/l), (2) [A] = 4 × 10−5, (3) [A] = 7 × 10−5,
4) [A] = 10−4, (5) [A] = 2 × 10−4, (6) [A] = 4 × 10−4, (7) [A] = 5 × 10−4, (8) [A] = 6 × 10−4,
9) [A] = 7 × 10−4, (10) acceptor only (10−4 m/l), (11) donor emission.
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A] = 10−4 m/l, (5) [A] = 2 × 10−4 m/l, (6) [A] = 4 × 10−4 m/l, (7) [A] = 5 × 10−4 m/l, (8)
A] = 6 × 10−4 m/l, (9) [A] = 7 × 10−4 m/l and (10) acceptor only (10−4 m/l).

mission from this sample is no more around 580 nm. Evidently,
he emission wavelength from this sample is beyond 600 nm as
een in the fluorescence spectra.

Fig. 6 indicates the available wavelengths that can be produced
rom the fabricated polymer rods with varying relative intensities
or an excitation wavelength of 445 nm. In the present study we
ave noticed that both relative intensities and peak emission wave-

engths are different at various excitation wavelengths. Figs. 7–9
epresent the emission spectra for 465, 488 and 532 nm excitations
espectively.

For the excitations at 445 and 465 nm, donor fluorescence shows
continuous blue shift of about 20 nm in the range of acceptor

oncentrations used in the present study. Meanwhile, the acceptor
hows a continuous red shift of about 15 nm up to [A] = 5 × 10−4 m/l
hich is then blue shifted by about 5 nm. Beyond this [A] value, the

cceptor emission was red shifted.
In the absence of donor, the acceptor showed a continuous red

hift of about 13 nm. It may be pointed out that the pure acceptor
as no emission with 445 and 465 nm excitations even though there

s a little emission for 488 nm excitation. For 488 nm excitation, we
ould not notice much blue shift for the donor but the acceptor
mission was again red shifted by about 15 nm.

These results for the 445 and 465 nm excitations are in good
greement with our earlier investigation on the wavelength shifts
ith a 445 nm laser excitation [9].

At an optimum concentration of the acceptor for the energy
ransfer, the acceptor emission shows a blue shift. The donor-
ensitized system was observed to have a higher gain compared to
n unsensitised system due to an increase in the effective lifetime.
s a result of this, the gain maximum is shifted to the blue region

17,18]. At higher acceptor concentrations, this effect was absent
ecause of the dominance of collisional de-excitation. At 488 nm,
here were no significant blue shifts from both donor and acceptor.
t this wavelength donor excitation is not much efficient and there

s a possibility for the direct excitation of the acceptor as well. The
32 nm excitation was found to be absorbed by acceptor alone and

he corresponding emission showed a continuous red shift of about
5 nm. Fig. 10 shows the variations of the simultaneous emission
avelengths exhibited by the rods.
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Fig. 5. (a) Excitation spectra of dye mixture doped PMMA for 580 nm emission. (1) [A] =
Excitation spectra of dye mixture doped PMMA for 580 nm emission. (5) [A] = 4 × 10−4 m/

Fig. 6. The recorded fluorescence from dye mixture doped PMMA with 445 nm
excitation. Sample 1: donor only, sample 2: [A] = 4 × 10−5 m/l, sample 3:
[A] = 7 × 10−5 m/l, sample 4: [A] = 10−4 m/l, sample 5: [A] = 2 × 10−4 m/l, sample 6:
[A] = 4 × 10−4 m/l, Sample 7: [A] = 5 × 10−4 m/l, Sample 8: [A] = 6 × 10−4 m/l, sample
9: [A] = 7 × 10−4 m/l and sample 10: acceptor only (10−4 m/l).

Fig. 7. The recorded fluorescence from dye mixture doped PMMA with 465 nm
excitation. Sample 1: donor only, sample 2: [A] = 4 × 10−5 m/l, sample 3:
[A] = 7 × 10−5 m/l, sample 4: [A] = 10−4 m/l, sample 5: [A] = 2 × 10−4 m/l, sample 6:
[A] = 4 × 10−4 m/l, sample 7: [A] = 5 × 10−4 m/l, sample 8: [A] = 6 × 10−4 m/l, sample
9: [A] = 7 × 10−4 m/l, sample 10: acceptor only (10−4 m/l).
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4 × 10−5 m/l, (2) [A] = 7 × 10−5 m/l, (3) [A] = 10−4 m/l and (4) [A] = 2 × 10−4 m/l. (b)
l, (6) [A] = 5 × 10−4 m/l, (7) [A] = 6 × 10−4 m/l and (8) [A] = 7 × 10−4 m/l.

. Energy transfer rate constants

The excitation wavelength dependence of energy transfer effi-
iency and the transfer rate constant for the present system can be
alculated by studying the relative fluorescence intensities of the
onor (I0d/Id) at various excitation wavelengths. As seen in Fig. 11,
here is a noticeable change in the slope of the Stern–Volmer plot
or the 488 nm excitation. At this wavelength, the donor emission
as found to be rapidly quenched by the acceptor. In the present

tudy, the maximum value of radiative energy transfer rate con-
tant was found to be 6.6 × 1011 s−1 with an excitation wavelength
65 nm. The rate constants for 445 and 488 nm excitations were
.4 × 1011 and 3.5 × 1011 s−1, respectively. This result is attributed
o the fact that, both 445 and 465 nm, excitations come well outside
he donor emission while 488 nm is partly absorbed by both donor

nd acceptor. This is clear from the excitation spectra at 495 nm,
hich shows finite absorption at 488 nm by the samples. Thus the

alculated parameters for the dye mixture with 488 nm may vary
uch from the values for the other two wavelengths of excitation.

ig. 8. The recorded fluorescence from dye mixture doped PMMA with 488 nm
xcitation. Sample 1: donor only, sample 2: [A] = 4 × 10−5 m/l, sample 3:
A] = 7 × 10−5 m/l, sample 4: [A] = 10−4 m/l, sample 5: [A] = 2 × 10−4 m/l, sample 6:
A] = 4 × 10−4 m/l, sample 7: [A] = 5 × 10−4 m/l, sample 8: [A] = 6 × 10, 4 m/l, sample 9:
A] = 7 × 10−4 m/l and sample 10: acceptor only (10−4 m/l).
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Fig. 9. The recorded fluorescence from dye mixture doped PMMA with 532 nm
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Fig. 11. The Stern–Volmer plot for the present ETDL system.
xcitation. Sample 1: [A] = 4 × 10−5 m/l, sample 2: [A] = 7 × 10−5 m/l, sample 3:
A] = 10−4 m/l, sample 4: [A] = 2 × 10−4 m/l, sample 5: [A] = 4 × 10−4 m/l, sample 6:
A] = 5 × 10−4 m/l, sample 7: [A] = 6 × 10−4 m/l, sample 8: [A] = 7 × 10−4 m/l and sam-
le 9: acceptor only (10−4 m/l).

Knowing the value of [A]1/2 the half quenching concentration at
hich Id = Iod/2, the values of the critical radii R0 can be evaluated

11]. The values obtained for R0 clearly shows that the non-radiative
ransfer involved in the dye mixture is of dipole-dipole in nature.

The fluorescence lifetime of the pure donor was measured
xperimentally using time correlated single photon counting tech-
ique. Fig. 12 shows the fluorescence decay curve of the donor,
hich gives lifetime of the donor in the absence of the acceptor

s 4.99 ns when embedded in PMMA. Also a very little decrease in
he lifetime was noticed due to the presence of acceptor, which is
signature of radiative type of energy transfer in the rods. Fig. 13

hows the decay curve of the donor in the presence of acceptor
7 × 10−4 m/l) giving a lifetime of 4.83 ns.
Using this value of �0d, the total energy transfer rate constant
T is calculated and a comparison between the radiative and non-
adiative contributions to the energy transfer can be made by
lotting a graph between �r/�nr and [A].

ig. 10. Simultaneous peak emission wavelengths available from the rods fabricated
ith different acceptor concentrations. (B) Donor emission at 445 nm excitation, (C)

cceptor emission at 445 nm excitation, (D) donor emission at 465 nm excitation, (E)
cceptor emission at 465 nm excitation, (F) donor emission at 488 nm excitation, (G)
cceptor emission at 488 nm excitation and (H) emission at 532 nm excitation.

Fig. 12. The fluorescence decay curve of the donor C 540 in PMMA matrix.

Fig. 13. The fluorescence decay curve of the donor C 540 in the presence of Rh B
(10−5 m/l) in PMMA matrix.
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Fig. 14. Plot of �r/�nr vs. [A].
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Table 1
Calculated parameters of the dye mixture doped preforms

Parameter 445 nm 465 nm 488 nm

Kr (×109 s−1) 542 661 355
K 9 −1
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Fig. 15. Variation of donor lifetime with [A].

Fig. 14 shows such a graph and the minimum value of the ratio
r/�nr was found to be ∼9 occurring at 488 nm excitation. The result
learly indicates that, at all the three wavelengths of excitation,
on-radiative transfer part is comparatively less important than
he radiative transfer mechanism in the present ETDL system even
hough the non-radiative part shows an increase in its values at
igher acceptor concentrations.

By knowing the values of �0d and �0d/�d, the value of �d,

he fluorescence lifetime of the donor in the presence of accep-
or at various acceptor concentrations can be evaluated. Fig. 15
hows the graph between lifetime and acceptor concentration.
gain, for 488 nm excitation, the calculated donor lifetime 4.71 ns
ith [A] = 7 × 10−4 m/l is shorter than the experimentally measured

[
[
[

[
[

nr (×10 s ) 12 13 29
0 (Å) 116.3 119 154
A]1/2 (×10−4 M) 2.52 2.35 1.07
d (×10−9 s) (at [A] = 7 × 10−4 M) 4.808 4.795 4.711

alue while for the other two excitation wavelengths, the calcu-
ated values are around 4.8 ns which agrees with the measurement.

ith 445 and 465 nm excitations, nonradiative relaxations taking
lace in the S1 manifold before the energy gets transferred to the
cceptor can result in a longer lifetime. Such relaxations may not
e that much important in the case of 488 nm excitation resulting

n rapid energy transfer. The results clearly show the importance
f the selection of the excitation wavelength in the context of the
nergy transfer studies. Table 1 summarises the various calculated
arameters of the dye mixture doped rods for the three excitation
avelengths.

. Conclusions

We have analysed the excitation wavelength dependence of the
uorescence emission from C 540–Rh B dye mixture system in
MMA rods. For the pump wavelengths 445 and 465 nm, many
f the fabricated rods emit at two peak wavelengths simultane-
usly. A comparable relative intensity for the simultaneous peak
mission wavelengths was observed from a rod with acceptor
oncentration 6 × 10−4 m/l when excited with 445 and 465 nm
hereas for a 488 nm excitation, the rod with acceptor concen-

ration 4 × 10−4 m/l exhibits such a property. These rods can also
ffer single peak emission outputs ranging from 576 to 591 nm with
frequency-doubled Nd:YAG laser excitation. Calculated parame-

ers at 445 and 465 nm excitation are in close agreement with the
xperimental results.
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