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Abstract

Radiative and non-radiative (Forster type) energy transfer processes in a dye mixture of FDS and Rh B in methanol under cw Ar ion laser
excitation were investigated for fixed donor concentration and varying acceptor concentration. It is found that most of the pump power
absorbed by FDS is transferred to Rh B as a useful pump power. Transfer prob&hjlily {ransfer efficiency both radiative)§) and
non-radiative fyr) and optical gain®) of the system were studied for various pump powers. The gain characteristics of Rh B are found to
alter due to the change in the effective fluorescence lifetime caused by energy transfer reaction. Theoretical calculations were also done to
find the total transfer efficiency;{) at various acceptor concentrations to identify the appropriate energy transfer mechanism responsible
for gain enhancement in Rh B. Both radiative and non-radiative transfer processes are taken into consideration in all the calculations.
Various energy transfer parameters viz. radiative rate cond€ait fion-radiative rate constarkyr), critical concentrationQy), critical
radius Ro) and half quenching concentration (f/d) are calculated by using the Stern—Volmer plots and concentration dependence of
radiative and non-radiative transfer efficiencies. Concentration and pump power dependence of the peak gain and lasing wavelengths of
the energy transfer dye lasers (ETDL) have also been studied. The experimental results show that the dominant mechanism responsible fol
the efficient excitation transfer in this mixture is of radiative nature, whereas the long range dipole—dipole (d—d) interaction (Forster type)
is comparatively smaller. © 2001 Published by Elsevier Science B.V.
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1. Introduction Rh6G-CV mixtures and on CV alone clearly show a higher
gain in the mixture as compared to CV alone. This high
The concept of energy transfer in laser dye mixture was gain ETDL system was demonstrated in other donor accep-
studied to improve the efficiency and to broaden the spectraltor pairs such as Rh6G: Rh B [7], C30: Rh6G [8], C485:
range of dye lasers [1-3]. Energy transfer dye lasers (ETDL) Rh B [9], Uranine: DAMC [10], C440: C485 [11], Rh610:
using numerous donor acceptor dye pairs have been reportedlile blue [12], C153: TBPR, DCM: TBPR, Nile red: TBPR
by various investigators during the last three decades. In[13], NB: CC, Rh B: NB [14] Rh6G: Oxazin-4-perchlorate,
1968, soon after the discovery of organic dye lasers, Petersorand Rh B: NB [15]. As a result of this gain enhancement the
and Snavelly [4] demonstrated the feasibility of a dye mix- conversion efficiency of the dye laser was improved consid-
ture laser with flash lamp excitation. In 1971, Moller etal. [1] erably. A conversion efficiency of about 200% for the dye
using N> laser pumping obtained effective excitation trans- mixture Rh6G: Rh B was observed whereas for Rh B alone
fer from Rh6G to CV and observed an increase in the power it was only 7% [7]. It should be noted that dyes like perydine
output. A simple theoretical model developed by Dienes [5] could be made to lase by energy transfer pumping though
was found to be in good agreement with experimental ob- they do not lase otherwise. This high gain which is the re-
servations for the Rh6G—CV mixture, a dye pair commonly sult of an enhanced lifetime of the acceptor [8], produces a
used for most ETDL studies [4-6]. Dienes et al. could ex- blue shift in the emission peak of the acceptor.
plain the variation of gain with acceptor concentration using  Most of the earlier studies on energy transfer have been
this theoretical model. Gain measurements done by them ondone using a pulsed laser{Mser) as the excitation source.
It was later showed by Panoutsopoulos et al. [12] that the
* Corresponding author. Tek+91-481-597923; fax:+91-481-597731. use of an Ar ion laser, which is convenient and widely used
E-mail addresssspapf@sancharnet.in (N.V. Unnikrishnan). pump source, may be practically extended through the use of
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energy transfer process to a number of dyes. In this paper, weacceptor coupled by an energy transfer rate constgnta

discuss the excitation energy transfer mechanism of FDS: Rhto account for transfer from the first excited singlet st&@ (

B dye mixture in methanol using the Ar ion laser excitation. of the donor to the ground stat&] of the acceptor. Each
singlet state is pumped with a laser source of interigitt
arateso1(p) lp. Lasing occurs in the acceptor molecule at a

2 Theoretical considerations ratec el , wherel| is the generated laser intensity. Absorp-

tion losses at the dye laser frequency are represented by the

rateooi(L) IL.

The major role in the redistribution of excitation energy ;
between short wavelength (donor) and long wavelength (ac- . Unlike the case of a pulsed laser pumped ETDL v_vhere the
triplet state effects are neglected, to develop a gain expres-

ceptor) components played by electron energy transfer maysion that can be used in the design of a cw ETDL, the triplet

either involve the emission of photons (radiative), or the .
P ( ) state absorption of both the donor and acceptor molecules

non-radiative (Forster type). Thus, the two main mechanisms hould b dered. C v, th : i ;
of energy transfer are (1) radiative energy transfer involving should be considered. Lonsequently, the rate equations o
the donor—acceptor dye mixture at threshold are given by

the emission of a photon by the donor molecule and its sub-
sequent absorption by the acceptor molecule, and (2) radi- dN1p

Nip p
ationless energy transfer due to the interaction between the g, — Nopop W (#) — KrN1pNoa — — KsthN1o

T
donor and acceptor molecule during the excitation lifetime ° (1)
of the donor, prior to its emission of a photon. This mech- dNia
anism is of two types, i.e. (a) diffusion controlled collision - Noaoa W (t) + (Kr + Kr)N1DNoa
and transfer and (b) resonance transfer due to long range Nia
multipole (d—d, d—q or g—q) coupling (Forster type). ——= —AKsTN1A (2

. . Lo . T
Diffusion controlled collision transfer occurs over inter- A

molecular distances of the order of molecular distances. ThisN _ N N Na — N N
mechanism is dependent on the solvent viscosity and tem-''2 = V0D + /1D, A = Noa + Nia,

perature. Its probability is very small in the concentration N = Na + Np )
range studied [12]. Mechanism (2b) occurs at much greater
donor acceptor distances than the collisional diameters. A
good overlap of the donor emission spectrum and the ac-
ceptor absorption spectrum is required for radiative transfer
and resonance transfer due to long range multipole interac-

:;?n.dThg radtlatlve hengrgy Fragi,f?r melcr;amsmd(l'z is often (488nm) andrp andza are the decay times of the singlet
€ dominant mechanism in diiute solution and IS 0CCUr giai04 of the donor and acceptor, respectively in the absence

rence cannot be neglected in studies of radiationless energy, . energy transfer. The singlet triplet cross over rater]

Lransfer. Thes?htwg mec?lanlsms may I.aflstc.) be d'St'?gu'St.heqs accounted for the total fluorescence lifetimg andza
y measuring the donor fluorescence lifetime as a function ¢ 000 o acceptor, respectively.

of acceptor concentration, i.e. if the donor lifetime is lit- The gain of the dye mixture system at wavelengtn

tle affec_ted by the concentration of the_acceptor molecule, terms of stimulated and absorption cross section is given by
mechanism (1) can be considered dominant [5]. [13]

To understand the quantitative idea of energy transfer
mechanism, the kinetic scheme shown in Fig. 1 is made useG ) = gé\NlA — O’aANOA _ NTAU? — NOD%"D
of. This scheme corresponds to the singlet state of donor and
P g +02N1ip — 0P N1p (4)

where Ngp, N1ip, Noa and N1 indicate the state popula-
tion densities of the respective states, the subscript 0 and 1
standing for the ground and first singlet states respectively,
W(t) (photons cm?s™1) is the pump rategp andoa are

the absorption cross sections at the pumping wavelength

wherefr+D andchA are the triplet state absorption cross section
of the donor and acceptor molecules. Since the absorption
S N, and emission of the donor molecule can be assumed to be

KA AN negligibly small in the fluorescence spectrum of the acceptor
u op(P)p molecule, the gain coefficient can be written as

A A A D
EPVp 1T, 5| N | Ker . G() = 0g N1a — 04 Noa — o7 N1a — o1 N1D ®)

) .
: : Kv\ ] T ! A~~ ‘ I I
: ; A G :%;cre :L The rate Egs. (1) and (2) can be made dimensionless by

b : multiplying by ta/Na to yield
eirke l dn
So [ BELAL A TNo 2

= nopaD
A dx

nip p
Fig. 1. Kinetic scheme of the ETDL system under cw excitation. —KrTanipnoaNa — 7a ™ — Ksttanip  (6)
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draa ¢p the correspondi t ieldg)p the fl
— nopaa + (Ke + Kr)TanoanioNa — n D ponding quantum yieldsgp the fluorescence
dx oaca + (KF R)TAMOAMIDNA " lifetime of the donor without acceptor and [A] is the acceptor
—AKsTTAN1A @) concentration. Knowing the value efp, Kt andKygr can
) be directly evaluated from the corresponding Stern—Volmer
with plots.
ot _ Nip _ Nop The critical transfer radiugy), for which energy transfer
YT MbE N =y from the excited donor (F) to [A] and emission from B
are equally probable, is obtained by [14]
ap = opW (1)7a, ap = oaW(t)ta (8) 735
Since we are measuring the unsaturated gain, ground satdto = (A] ;/2)1/3 (14)
populations are negligibly perturbed. Henblga = Na, i.e.

where [A]1/> is the half-quenching concentration.

noa = Na =1, nop = No — F = o According to Forster—Dexter theory [18R, is related
Na Na 1-Fp with the energy transfer probabili§pa as
where 1 /Ro\’®
Pop = — (—O) (15)
Fo = Np Top \ R
Na + No wheres = 6,8 and 10 for d—d, d—q and g—q interactions,

Under steady state approximation respectively . Also the respective critical radii are defined

by the expressions [19]
dnip  dnia

0

dr  dx g6 — 3*c*0a [ fS(E)FA(E) dE
D =
Hence, the above equations reduce to 4n* E* (for d—d interaction (16)
nin = {OlA n Fp (Kr + Kr)Npap }
(1— Fp) (KENa + kp + PKs7) 28 _ 185°c%0n [ fs(E)FA(E) E
1 9 0= An? E8
X (1+AKsTTa) ©) (for d—q interaction (17)
wherekp = 1/7p is the natural decay rate of the donor. Thus,
the final gain equation of the ETDL under cw excitation
becomes
Fp/(1— Fp)(KF + KR)Na/(KeNa + kp + PK
G = o {(aA/aD + Fp/( D)(KF + KR)NA/(KFNaA + kp + ST))aDNA} — oA NA — 6P N1p — o2 N1oN1a
(1+ KsttA)
(10)
This expression shows that the gain per acceptor molecule . 22511040, [ f5(E)Fs(E)dE
of the mixture is increased with the addition of the donor by Ry = 21,6 E10
a factor (for g—q interaction (18)
o (Kr + KR)AE:A ol @D Na (11) wherefs(E) is the normalised emission lineshape function
(1— Fp) (KENA +kp +“Ks1) = (1+ KsT7A) of the acceptorf-a (E) the normalised absorption lineshape

From Eq. (10), it is clear tha®()) is proportional to the  function of the acceptoiQa the oscillator strength of the
pump power and a plot between the two will be a straight absorption band of the acceptor which is in resonance with

line with the slope given by Eq. (11). the donor emission transition afkds the average energy of
The rate constants for totak¢) and non-radiativelr) the overlapping transition. o
energy transfer processes are given by the Stern—Volmer Total energy transfer efficiency{) is written as the sum
expressions [16,17] of the two parts
1 nT = 1R + INR (19)
20 — 14 KroplAl (12)
Io where
0 1
¢D Iob
wherelgp andlp are fluorescence intensities of donor in the éD 21)

absence and presence of the acceptor respectiuglyand INR = 1— b0
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For the long-range d—d transfer the above equation can beCorp., Model 7068) for detection and finally the emission
written as [15] spectrum was recorded on a chart recorder. All the spectra
12 5 were recorded with a scanning speed of 1000 AThirEx-

INR = 7 °X exp(X ) (1 — erf X) (22) periments were repeated for different pump intensities, viz.

relative to the critical molar concentration of the acceptor, Samples were recorded on a Hitachi U 2000 spectrophotome-
3000 ter. All the observations were taken at room temperature.
[Alo = 7”3/2'\”:%

2 X 4. Results and discussion
erf X = W/ exp(—r?) dr
d 0 A typical absorption spectrum of FDS and Rh B corre-
An alternative and equivalent expressionfgk is given by sponding to 104 mol I~ concentration is presented in Fig. 2
0 (plots a and b). To confirm the energy transfer process the
INR=1-— oD (23) respective emission spectra are also recorded and plotted
o o ) ) along with the absorption spectra. Fig. 2 (plots ¢ and d) rep-
The radiative transfer efficiencyr is obtained by subtract-  resent the respective emission lineshapes. Since, most of the
ing 7nr from 77 using Eq. (19). area under the emission spectrum of FDS overlaps with the
The dipole—dipole nature of the non-radiative transfer absorption spectrum of Rh B, energy transfer from FDS to
from D* to [A] can be confirmed by plotting a graph be- rp B s definitely possible, the extent depending on the over-
tween transfer probabilitfPpa and acceptor concentration lapping area which is shown as the shaded region in Fig. 2.
[A] on a logarithmic scale. The straight line graph obtained \/5rious physical phenomena that are occurring in the dye

can very well be fitted with the expression [20] mixture due to energy transfer and their functional depen-
0 dence on a number of parameters are described in detail in
In Poa = K + 2 In[A] (24) the following subsections.

whered = 6,8 and10, respectively for d-d, d—gq and g—q

interactions an®Ppa is given by 4.1. Dependence of peak wavelength)(of the donor

and acceptor on acceptor concentration

1 Iop
Poa = 00 <1D _ 1) (25) Figs. 3(a) and (b) show the dependence of peak emission
wavelength of the donor and acceptor on acceptor concen-
tration. All the curves show the same behavior irrespective
of the pump intensities. An important observation is that the
/ donor dye always shows a blue shift, whereas the acceptor
al

wheretgp is given by the well-known Strickler—Berg equa-
tion [21]

1
— —288x 10 %272

0D e(v) dv (26) emission is characterised by an initial blue shift followed by

b
° a red shift and blue shift. The average blue shift observed

whereF(v) is the fluorescence lineshape function ad) in the donor emission is estimated to be about 38.3nm,

is the molar extinction coefficient.

3. Experimental

The dyes used were laser grade supplied by Exciton Com-
pany and the solvent was spectroscopic grade methanol.
The excitation source was an Ar ion laser (LICONIX 5000
Series) whose 488 nm line is employed to pump the donor
molecule. In all the experiments, donor concentration is kept
fixed at 10*moll~1 whereas the acceptor concentration _.
varies. A transverse pumping configuration and detection B /// /
geometry was used in the experiment. The dye solution was = - ,,;,,;///’/4’//,/ -
taken in a quartz cuvette of width 1 cm and the solution is 200 400 600 800
pumped by the laser beam. Fluorescence emission from the wavelength(nm)
solution was focused onto the entrance slit of a 0.2m con- _ - .

. Fig. 2. Spectral characteristics of fluorescence and absorption. Graphs a
Ca\{e holographlc monochromator (McPherson Model 275) and b respectively represent the absorption lineshapes of FDS and Rh B
which has a wavelength accuracy 10.1 nm. The output  gye molecules, ¢ and d represent the corresponding emission lineshapes.
of the monochromator was fed to a photomultiplier (Oriel The shaded area is the region of energy transfer.
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530 generated in the acceptor system will be sufficient to popu-
| —a—B late the higher excited singlet state of the donor molecule,
E —e—C which in turn causes the emission to be shifted to the higher
5204 K\r% —4—D energy region. In addition to this being the cw nature of the
- — —v—E excitation, some triplet effects should also have some ob-
510 servable contribution in the emission spectrum. The sudden
blue shift observed for the acceptor molecule is the result
of the energy transfer process. The donor sensitised accep-
500 tor system was observed to have a higher gain compared
i to the unsensitised system due to an increase in the effec-
tive lifetime of the acceptor [8]. As a result of this, the gain
maximum is shifted towards the blue region [22]. However,
. the observed blue shift seems to stop at the acceptor con-
280 centration 10° mol =1 and after this a red shift is observed
for the acceptor emission up t0>510~°mol |~ acceptor
T 7T T 7T T"7 concentration. This obviates the fact that at higher accep-
0c0 002 004 006 008 tor concentration (>% 10~°moll~1) energy transfer effect
(a) [A] (107 ml ) will not have any dependence on the emission wavelength of
the acceptor molecule. In other words, in an ETDL system,
above a particular acceptor concentration the acceptor emis-
660+ sion wavelength is entirely dependent on its concentration
only, i.e. wavelength is shifted to the red region with con-
centration. This is attributed to the fact that with increase in
620 —_— concentration, both absorption and fluorescence intensities
. increase resulting in the change of the re-absorption pattern
600 formed by overlapping of absorption and emission spectra.
The observed blue shift in thex6107° to 7 x 107° [A] is
tentatively attributed to the thermal energy produced in the
1V mixture which enables more molecules of FDS to be popu-
lated in the higher vibrational levels of the first excited sin-
540 glet state, where from the energy is transferred to the higher
- vibrational levels of the first excited state of Rh B realising
520 a blue shift. An alternative explanation is that the Rh B is
having a more rigid structure as compared to FDS and most
T T T 17 T 71 of the energy is transferred to Rh B and the Rh B molecules
60 0z 04 06 08 10 are populated in the higher vibrational levels of the excited
(b) [A] (107 m/l) singlet state which may also account for the blue shift.

Wavelength (nm)

490~

Wavelength (nm)

Fig. 3. (a) Dependence of peak emission wavelength of the donor on

acceptor concentration (B) 80 mw, (C) 110 mW, (D) 140 mWw, (E) 170 mW, 4.2. Dependence of the peak fluorescence

(b) dependence of peak emission wavelength of the acceptor on acceptormtensny (L) of the donor and )
concentration (F) 80 mW, (G) 110 mW, (H) 140 mWw, (I) 170 mW. acceptor on acceptor concentration

Figs. 4(a) and (b) show the variation of the emission in-
whereas for the acceptor emission an initial blue shift of tensity of the donor and acceptor molecules of the present
about 57.3nm (up to I¢ [A] and then a red shift of about  dye mixture system with the acceptor concentration at vari-
74 nm were observed up t0x510-° [A]. This is again fol- ous pump powers. All the curves show a sharp reduction in
lowed by a blue shift of 59nm (up to ¥ 10> [A]) and the fluorescence intensity compared with the isolated donor
a red shift of about 80 nm (up to 18 [A]). In addition to system. At very high acceptor concentration (4ol 1)
this, it can also be noticed from Fig. 3 that both these shifts the donor emission is so weak that it cannot be noticed.
are dependent on the acceptor concentration, where in theThis corroborates the fact that the donor system can trans-
case of both the donor as well as the acceptor molecules fer its energy to the acceptor system non radiatively. How-
shift increases with the acceptor concentration. The blue ever, at the same time radiative type energy transfer will
shift observed in the donor emission can be accounted asalso have exactly the same effect on the donor emission. At
follows. As the concentration of the acceptor molecules in- very high acceptor concentration, the separation between the
creases, the intermolecular separation between the donor andonor and acceptor molecule will be so small that effective
acceptor molecules decreases. The collisional heat energycoupling and thereby energy transfer become possible.
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. range is attributed to the re-absorption processes occurring
in the acceptor system.
2000 4.3. Pump power dependence on emission intensity
z
& . To understand the pump power dependence on the emis-
= 2000 sion intensity and thereby on the efficiency= (I max/Ip),
= ILmay Of the donor as well as the acceptor emission is
o \ . . .y ..
£ 14 plotted for different pump intensities and the variations are
= \
1000 \ﬂh
| ",\
1
\:\‘\L.:\i‘f\\\\\‘ |
O llll]l[lTr1l‘l|1[I]l
00 01 02 03 04 0506 07 08 09 1.0
() [A] (107 m/1) =
2
[0
=
[O]
1000 2
. [}
- (]
o w)
: ©
o
] =
p (1
£ 1004
5 3
g ]
= _
5 ] 80 100 120 140 160 180
g (a) Pump Power(mW)
2 103
17 1400
1206+
- T T T T
>
0.0 0.2 0.4 0.6 0.8 1.0 Z 100
(b) [A] (107 m/l) o .
£ 8001
Fig. 4. (a) Dependence of peak emission intensity of the donor on [A] b i
(B) 80mWw, (C) 110mW, (D) 140 mW, (E) 170 mW; (b) dependence of S 600
peak emission intensity of the acceptor on [A] (B) 80 mW, (C) 110 mW, % i
(D) 140mW, (E) 170 mW. § 200
i ]
2004
Another manifestation of the energy transfer process is the 1 . ‘ , ‘
increase in the emission intensity of the acceptor molecule 09 * B )
as compared to the unsensitised system. It was observed LU

X . 80 100 120 140 1
that at lower acceptor concentration (Fonol 1) the flu- 60 180

orescence intensity of acceptor was increased on an av- (b) Pump Power(mW)

erage bg/ 316 {Imes' Above thls, cqncentratlon and “F’ to Fig. 5. (a) Pump power dependence of the peak emission intensity of the
7 x 107°mol I~ the acceptor emission shows a reduction gonor (L) donor only, (M) 166 mol 1= [A], (N) 3 x 10~ mol I [A], (O)

in the intensity followed by again an increase of intensity 5x10®moll~ [A], (P) 7 x 10-¢molI~1 [A], (Q) 10~3mol =1 [A], (R)

up to 5x 10->mol I=1. At very high acceptor concentration ~ 3x10-°moll~* [A], (S) 5 x 10-°mol I"* [A], (T) 7 x 10-°mol I"* [A];

(>7 % 10~° mol |71) acceptor emission shows a sharp reduc- (b) pump power dependence offf;e peak emission |6r31tenS|Ey1 of the acceptor
ionini ity due to the self-quenching acceptor—acce tor(B) acceptor gnly’ (©) 12° mo”, [Al. (,D) 3 x 107 m,o" [f]’ E)

tion in intensity due to the self-q g accepto ePLOr 5 . 10-6moll-1 [A], (F) 7 x 10-5mol % [A], (G) 10-5mol -1 [A],
interaction. The reduction in acceptor emission intensity in (4) 3x 105moli~1 [A], (I) 5 x 10-5mol L [A], (J) 7 x 10-5 mol -1

the 3x 107 to 7 x 10-¥moll~1 acceptor concentration  [A], (K) 10~*mol % [A].
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shown graphically in Figs. 5(a) and (b). In Fig. 5(a) all the
plots show almost a linear dependence ghay and hence
efficiency upon pump intensity with a noticeable change of
slope at higher concentration. In Fig. 5(b), a reduction in the
slope is noticed with acceptor concentration showing that
there is continuous reduction of the donor efficiency with
acceptor concentration. However, for the acceptor the high-
est efficiency was observed for 1mol I=1 acceptor con-
centration and thereafter efficiency is observed to be less
than this. Fig. 6 portrays the emission intensity variations
of donor and acceptor molecules for different pump powers
corresponding to 10* [D] and 107° [A].

4.4. Nature of transfer probability function ()

The nature of energy transfer process in between donor

and acceptor can be studied by evaluating the transfer prob-

ability function using Eqg. (25) and observing the functional
dependence of the transfer provability function on acceptor
concentration using Eqg. (24). In the present experimental
observations, a value & ~ 6 is obtained for the Iipa)
versus In[A] plot corresponding to the entire acceptor con-
centration range used in the present study. This confirms
the fact that the transfer process is dipole—dipole in nature

(Fig. 7).

4.5. Variation of transfer efficiency;) with acceptor
concentration

Energy transfer efficiency (radiative and non-radiative)
and rate constants for the present ETDL system in methanol
solution have been calculated by studying the relative flu-
orescence intensities of donolyf/lp) and the relative

Fluorescence Intensity

550
Wavelength (nm)

Fig. 6. Emission spectrum of the dye mixture at various pump power
with [D] at 10~*molI~1 and [A] at x10~3mol -1,
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Fig. 7. Dependence of transfer probability on [A] for d—d interaction (A)
80 mWw, (B) 110 mw, (C) 140mW, (D) 170 mW.

guantum yield of donorfop/¢p) as a function of the accep-

tor concentration [A] and critical transfer radi&g. In the

presence of acceptor dye, the fluorescence intensity of donor

dye is reduced fronyp to Ip by energy transfer to acceptor.
The total transfer efficiencynf) was calculated using

Eq. (19) at different acceptor concentrations and is shown in

Fig. 8 for the d—d process. Non-radiative transfer efficiency
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Fig. 8. Dependence of transfer efficiency on [A] for d—d interaction (B)
80mw, (C) 110 mWw, (D) 140 mW, (E) 170 mW.
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Also the curvedop/lp versus [A] in Fig. 12(a) give the

values ofKytgp for different pump powers wher&t =
KRr + KnRr- Again by putting the value ofgop = 6 ns, the
total energy transfer rate constaft is calculated for the
four pump powers studied. Knowing the valueskaf and
KNR, radiative transfer ratér can be directly evaluated and
(nnR) was calculated using Eq. (22) and is plotted in Fig. 9 the values obtained are collected in Table 1. Observations
for the d—d process. The calculations indicate that both ra- of these results show that non-radiative transfer due to d—d
diative and non-radiative processes are present in the ETDLinteraction is comparatively less important than the radia-
system consisting of FDS and Rh B in methanol, even though tive transfer mechanism in the present ETDL system in the
the non-radiative contribution is negligibly small compared low acceptor concentration range. At high acceptor concen-
to the radiative part. The radiative transfer efficiency is found tration, a similar tendency was observed (k&g > KnR)
to have direct dependence on the acceptor concentrationswhereas the value ¢yr observed is comparatively smaller
whereas for the non-radiative transfer efficiency is observedthan that of the d—d interaction. In general, both at lower
to play its important role at high acceptor concentration and higher acceptor concentrations radiative transfer pro-
(>0.07 x 103 mol I~1). The variation ofjr/nnRr versus [A] cess is contributing to the energy transfer mechanism in the
shown in Fig. 10 clearly reveals that at acceptor concentra-present ETDL system. Similarly, by knowing the values of
tions <0.07 x 10~3mol I~ radiative contribution is far ex-  nnr at different acceptor concentrations for different pump
ceeding the non-radiative part, whereas at higher acceptorpowers the value ofop/¢p can be calculated at various
concentrations (>07 x 10-3molI~!) the radiative contri-  [A] values using Eq. (13) whergp and¢op are quantum
bution will tend to decrease. The pump power dependence ofyields of donor molecule with and without acceptor. The
the transfer efficiency (radiative and non-radiative) is graph- variation of¢op/¢p with [A] is also a straight line obeying
ically shown in Figs. 11(a) and (b). In both the plots, all the Stern—Volmer expression and are shown in Fig. 12(b)
the curves corresponding to different acceptor concentrationfor d—d interaction. The slope&{rtop) directly obtained
show negative slopes indicating that pump power has a neg-
ative dependence on the transfer efficiency.

The variation oflgp/lp versus [A] is always linear in na-
ture as shown in Fig. 12(a). Knowing the value of {A]
the half-quenching concentration of the acceptor at which

Fig. 9. Dependence of non-radiative transfer efficiengyr) on [A] for
d—d interaction (B) 80 mw, (C) 110 mW, (D) 140 mW, (E) 170 mW.

Table 1
Calculated radiative parameters of the dye mixture

Pump power (mWw)

Ip = Ipp/2 the value oRy can be evaluated using Eq. (14). 80 110 140 170
The calculated values ¢ and [A]1/2 for d—d interaction Kr(x 101951 2809 1248 959 919
for different pump intensities are tabulated in Table 1. The Kyr(d-d) (x 10°s7%) 4.6 156 124 1.2
results clearly show that the value B§ is consistent with Ro(A) 398.8 284.1 2627 261.1
[Al12 (x 107°M) 0.626 173 219 223

the d—d type interaction. Results also show an inverse de-

0 21
pendence of pump power on critical raditg WO(< 10°%) (photonscm®s™) 16 214

3.49 4.24
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Fig. 11. (a) Dependence of pump power on radiative transfer efficiency

Pump Power (mW)

(nr) (B) 16 molI~1 [A], (C) 3x 10 ¢molI~1 [A], (D) 5 x 10 mol -1
[A], (E) 7 x 10-8mol =1 [A], (F) 10~°molI~1 [A], (G) 3 x 103 mol -t
[Al, (H) 5 x 103 moll=1 [A], (I) 7 x 10-5mol =1 [A], (3) 10~*mol I~
[A]; (b) dependence of pump power on non-radiative transfer efficiency
(7nR) (K) 1078 mol 171 [A], (L) 3 x10-8 mol 171 [A], (M) 5 x10-¢ mol -1
[A], (N) 7 x 108 mol =1 [A], (O) 10~3mol =1 [A], (P) 3x 10~3mol -1
[Al, (Q) 5x 105 moll~1 [A], (R) 7 x 10~3molI~1 [A], (S) 10~*mol I~

[A]

from the figure corresponding to the four pump powers and

assuming the value afpp to be ~6 ns, the values okKnr

have been calculated and are summarised in Table 1. The

pump power dependence of the transfer rate reveals that it isBy knowing the values oftop and ¢op/¢p, the value of

having a negative dependence on the pump power (Fig. 13).7p, the fluorescence lifetime of the donor in the presence of
Comparing Egs. (21) and (23), we can write

$oD _ oD
¢D L)

(27)
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Fig. 12. (a) lop/lp vs. [A] plot (Stern—Volmer plot) for
[A] < 0.01x 103moll~1 (A) 80mw, (B) 110 mW, (C) 140 mW, (D)
170 mW; (b)¢op/¢p vs. [A] plot (Stern—Volmer plot) for [A] (A) 80 mW,
(B) 110 mw, (C) 140 mW, (D) 170 mW.

acceptor at various acceptor concentrations can be evaluated.
The values ofrp at [A] = 10~3moll~! are 4.704, 5.49,
5.586 and 5.598ns for 80, 110, 140 and 170 mW pump
powers, respectively.
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energy transfer (B) 1@ moll~1 [A], (C) 3 x 10 %moll~1 [A], (D)
5% 10-8molI~1 [A], (E) 7 x 16 mol =1 [A], (F) 10~>mol I~ [A], (G)

Fig. 13. Variation of the total transfer rat&«) with pump power (B) 3% 10-5mol =1 [A], (H) 5 x 105 mol I-1 [A], (I) 7 x 10-5mol 1 [A].

Kr (d-d), (C)Kr (d—d), (D) Knr (d—d), (E)Knr (d—d).

4.6. Dependence of gain on [A] and pump power is increased many times, the maximum being observed at
0.01 x 103 mol I~ acceptor concentration. It was also no-
Acceptor concentration and pump power dependence Ofticed that at this concentration acceptor gain is increased
optical gainG(.) of the acceptor emission is graphically by 9,51, 127 and 362 times corresponding to 80, 110, 140
shown in Figs. 14 and 15. Fig. 14 infers that in the absence@nd 170mW pump powers. Fig. 16 also shows a second
of energy transfer the gain of the acceptor system varies overdain maximum at @5 x 10~ molI~* acceptor concentra-
a small range of 0.36—0.38 cth whereas the pump power tion. Pump power dependence of the optical gain shows that
has no dependence on the net gain value. Variation of the@t low acceptor concentration, gain shows almost a satura-
0ptica| gain with acceptor concentration and pump power tion effect whereas at h|gh acceptor concentration it shows
after energy transfer process is graphically shown in Figs. 16@ linear dependence. The estimated values of the absorp-
and 17. From these figures, it can be noticed that due totion and emission cross sections for various acceptor con-

the addition of donor, optical gain of the acceptor system centrations are found to be nearly constant except for the
numerical factors (Table 2). This justifies the universally ac-
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Fig. 14. Dependence of peak gain on [A] in the absence of energy transfer Fig. 16. Dependence of peak gain on [A] in the presence of energy
(B) 80mw, (C) 110 mWw, (D) 140 mW, (E) 170 mW. transfer (F) 80mw, (G) 110 mw, (H) 140 mWw, (E) 170 mW.
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Table 2

Acceptor Absorption Emission cross
concentration Ccross section section®s/}
(103 molI-1) ol (107 %cn?) (10~ cn)r
0.001 4.9 b

0.003 55 5.6

0.005 3.6 4.9

0.007 3.9 55

0.01 5.1 6.8

0.03 5.4 6.2

0.05 3.3 4.6

0.07 4.8 5.8

0.1 4.2 6.6

aUeA = )\,4/81'|'CnZTA)\.eff, o0 = 6nSs, 7a

10-2¢n?.

b Emission is not prominent.

cepted fact that these cross sections are molecular propertie[sle] N.J. Turro, Molecular Photochemistry
and do not depend on concentration. ’ '

5. Conclusions

23ns,0p = 16 x

that our results could forecast suitable concentration regions
for the wavelength shifts with the acceptor concentration for
the dye mixture. Concentration dependence of the accep-
tor on the energy transfer clearly shows that radiative trans-
fer process is having the major contribution in the present
ETDL system, in the entire range of acceptor concentration
used. It was also noticed that non-radiative transfer is mainly
due to the Forster type d—d interaction. Analysis also shows
that the optical gain of the acceptor dye can be increased
several times due to the energy transfer process. Optical
gain is also observed to have a direct dependence on the
pump power.
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