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The steady-state fluorescence spectra of the three-component system coumarin 1/fluores-
cein/thodamine B in 95% ethanol were studied at room temperature. In the appropriate concentra-
tion ranges, upon the excitation of coumarin 1 at 377 nm, the ternary dye mixture solution emitted
simultaneously with three bands centered at 443, 528, and 575 nm, respectively. The analysis of
the data seems to indicate that there is significant energy transfer between these three dyes and
that the main contribution corresponds to the Forster nonradiative mechanism. The critical transfer
distances between each two of the three components were calculated to be 48.4 A for the coumarin
1/fluorescein pair, 42.2 A for the coumarin 1/thodamine B pair, and 65.5 A between fluorescein
and rhodamine B dyes. The system can potentially be used to obtain three primary outputs at
different wavelengths in a dye laser system.
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INTRODUCTION

Studies of nonradiative energy transfer (ET) pro-
cesses in solution have become an active area of research
because of both theoretical and practical interests.!)
Most of the works done in this field are studies of
two-component systems® containing donors (D) and
acceptors (A) of energy in an inert solvent. Since it was
found that multicomponent energy transfer systems
could be used in dye lasers to give wider ranges of
wavelength tunability, there has been an increased in-
terest in these systems. A dye laser system containing
three or more components may be used for the improve-
ment of the conversion efficiency and the extension of
the wavelength region of lasing. Although studies of
three-component energy transfer systems have been re-
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ported,®® because of their complexity, they are mostly
qualitative and descriptive in nature. Nevertheless, in or-
der to understand the transfer mechanism, it is necessary
to describe the system quantitatively.

The theoretical treatment of excitation energy trans-
fer in multicomponent luminescent solutions appeared in
the 1970s. Ketskeménty and Kusba®”® derived general
equations which describe the shape of the fluorescence
spectrum of multicomponent solutions as a function of
the emission, absorption, and quantum yield spectrum of
each component. Both radiative and nonradiative exci-
tation energy transfer were taken into account. A similar
generalization of nonradiative energy transfer referring
to the influence of concentration on the luminescent
properties of rigid solutions containing multicomponents
was carried out by Kusba and Bojarski.®» Based on their
work, in this paper, we have used their approach to in-
terpret the results of a study of the energy transfer in a
coumarin 1, fluorescein, and rhodamine B ternary sys-
tem in 95% ethanol using steady-state fluorescence spec-
tra.
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THEORETICAL BACKGROUND

Electronic energy transfer phenomena between
molecules in solution have been recognized for many
decades. Forster!® has given theoretical treatments for
nonradiative energy transfer processes through dipole~
dipole interaction of donor and acceptor by assuming
that the position and orientation of donor and acceptor
are fixed during the lifetime of donor emission. The rate
constant of the process is given by
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where 7.5, is the actual lifetime of the excited state of
the donor in the absence of acceptor molecules, 7 is the
mutual distance between donor and acceptor, and Ry,
the critical transfer distance, is the separation of the ex-
cited donor and acceptor at which the rate of excitation
energy transfer is equal to the rate of emission of the
excited donor. The critical transfer distance is given by
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where ¥ is the energy in cm~!; F,(9) is the spectral dis-
tribution of fluorescence, which is normalized on a wav-
enumber scale; €,(v) is the molar absorption coefficient
as a function of wavenumber; N, is Avogadro’s number;
n is the refractive index of the solvent; ¢, is the fluo-
rescence quantum yield of the donor in the absence of
acceptor; and «? is an orientation factor. For a random
directional distribution the calculated average value of
k? is *s, while for the statistical distribution of static
dipoles, k? has been experimentally determined® to be
0.476. In fact, given that the orientation factor k2 is di-
rectly proportional to R, to the sixth power, the actual
value of k2 will not significantly affect the calculated
critical transfer distances. In this work an orientation fac-
tor of /> was used in the calculations.

Taking into consideration both energy transfer and
energy migration (i.e., energy transfer between donor
molecules), Bojarski and Domsta® proposed that the
relative quantum yield of the donor in a two-component
system is given by

b 1 -=f(y)

bos 1= af() @

where

f() = Vayexp (v) [1 — erf ()] @
and erf(y) is the error function:
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where Cp, and C, are the concentrations of donor and
acceptor, while Cp, and C;,, are the critical concentra-
tions of donor and acceptor, respectively, all in terms of
molarity.

Theoretically, in a solution containing two or more
laser dyes, in which the emission bands of one or two
dyes located at shorter wavelengths overlap the absorp-
tion bands of other dyes located at longer wavelengths,
the excitation energy may be transferred successively
from the first dye molecule to the last. Therefore, the
excitation energy may be efficiently cascaded from
shorter to longer wavelengths. In general, in an energy
transfer system containing three components, all the pos-
sible energy transfer paths can be illustrated™ as shown
in Fig. 1. In Fig. 1 the thicker arrow represents the in-
cident light. It can excite all three components directly
if they absorb more or less at that excitation wavelength.
Different circles are used to indicate each of the three
components in the system. The open circles denote the
first energy donor, the light shaded circles denote the
secondary energy donor, and the dark shaded circles
stand for the energy acceptor. Lines with arrows indicate
the directions of energy transfer. The solid lines indicate
the primary energy transfer, while dashed lines indicate
the successive transfer of energy. In a three-component
system we have to consider both the primary and suc-
cessive energy transfer processes.

It is assumed that the system contains n types of
molecules distributed at random in an inactive medium
not taking part in the energy transfer. The components
are denoted by numbers from i = 1toi = nin such a
manner that the emission spectrum of the jth component
does not overlap the absorption of any ith component,
if i < j. Therefore, the back energy transfer from jth*
to ith (i < j) does not have to be taken into considera-
tion. Nevertheless, the emission spectrum of the jth com-
ponent may overlap the absorption spectrum of the same
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Fig. 1. Energy transfer paths in three-component systems.

component as well as the absorption spectra of compo-
nents k > j. The quantum yield of the ith component &,
can be expressed as®

f;i [1 _f(r:)]
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Analogously, the quantum yield of excitation energy
transferred from the ith component to the kth component
is

oo (Ya/T0) f(T)
1 = a, (vi/T) fT)

where ¢,, is the quantum yield of the ith component in
the absence of any jth component j > i, AT") is the emmor
function as defined in Eq. (4), C, is the concentration of
the kth component, and C,, is the critical concentration
of the kth component with respect to the ith component.

dy = (k=iton) (13)

Also, o, is the probability that excitation quenching
will not occur during the nonradiative energy transfer
between the ith and the kth component and is given by
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where F(\) denotes a true quantum fluorescence spec-
trum, £,(\) is the molar absorption coefficient, and m,(\)
is the probability of effective excitation of the kth com-
ponent molecule as a result of absorption. The value of
o, is usually assumed to be close to unity.

For example, in the case of a three-component sys-
tem, Eq. (10) becomes
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Fig. 2. Absorption and emission spectra of coumarin 1, fiuorescein, and rhodamine B in 95% Ethanol with 1 X 10-2 M NaOH: (a) absorption
spectrum of coumarin 1, £(377 nm) = 2.23 X 10 mol-! - cm~! - L; (b) emission spectrum of coumarin 1; (c) absorption spectrum of fluorescein,
£,(500 nm) = 1.23 X 10°* mol~! - cm™! - L; (d) emission spectrum of fluorescein; (e) absorption spectrum of rhodamine B, £,(545 nm) = 9.84 X

10 mol-! - em~! - L; (f) emission spectrum of rhodamine B.
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As expected, if the probability a,, = 1, then Eq. (16)
is identical to the Bojarski expression [Eq. (3)] for the
donor quantum yield in the two-component system.

EXPERIMENTAL

The dyes coumarin 1, finorescein, and rhodamine
B (Laser Grade, Eastman Kodak), and 95% ethanol
(A.R. grade, Aldrich), were used as received. All the
solutions including dye stock solutions and dye mixture
solutions were prepared daily to avoid aging processes.

The absorption and fluorescence spectra of these
dyes were recorded at room temperature, i.c., approxi-
mately 25°C. The fluorescence measurements were car-
rdied out in a Perkin Elmer LS-5 fluorescence
spectrophotometer using a PECLS applications software.
The samples were excited at a fixed wavelength, and the
emission intensity was recorded as a function of wave-
length. Fluorescence spectra were taken from the front
face of a 1-mm quartz infrasil cuvette with stopper in
order to minimize inner filter effects and solvent evap-

oration. The angles of the incident light and emission
light were 40 and 46°, respectively. For unambiguous
demonstration of energy transfer between donor and ac-
ceptor molecules, the observations of both the quenching
of the donor fluorescence and the sensitization of the
acceptor fluorescence were recorded at the same time.
The fluorescence spectra of 95% ethanol were also taken
under the same conditions, but no fluorescence compo-
nents were found in the solvent. Fluorescence spectra
were corrected for the spectral sensitivity of photomul-
tiplier and reabsorption as described elsewhere.('® The
absorption spectra were recorded using a Perkin Elmer
Lambda Array 3840 uv/vis spectrophotometer. When re-
quired, more accurate absorption spectra were obtained
with a Varian Cary 219 double-beam spectrophotometer
with cuvettes of 5.0-cm light path.

RESULTS AND DISCUSSION

The absorption and emission spectra of coumarin
1, fluorescein, and rhodamine B in ethanol with 0.01 M
NaOH are shown in Fig. 2. The relatively large spectral
overlap between the emission of coumarin 1 and the ab-
sorption of fluorescein indicates the possibility of excited
state energy transfer from coumarin 1 to fluorescein.
Figure 2 also shows the minor overlap of the absorption
and fluorescence spectrum of coumarin 1 itself. Thereby,
some energy migration is expected to take place simul-
taneously along with energy transfer. The absorption
spectrum of rhodamine B in the wavelength region of
450 to 600 nm has an intense and unsymmetrical band
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Table 1. The Critical Transfer Distances and Concentrations of the
Three Dyes in 95% Ethanol + 0.01 M NaOH

RoDD Ro.DA CoDD CoDA
Binary system @A) ®) (M) (M)

Coumarin 1 (D)

Fluorescein (A) 21.0 484 429 X 102 349 X 10-®
Fluorescein (D)
Rhodamine B (A) 38.1 655 7.19 X 10 141 X107
Coumarin 1 (D)
Rhodamine B (A) 21.0 422 429 X 107 527 X 107

with a2 maximum centered at 552 nm. On the high-en-
ergy side of the band there is a shoulder at approxi-
mately 510 nm. Spectral overlap between the emission
of fluorescein and the absorption of rhodamine B sug-
gests the possibility of nonradiative energy transfer from
coumarin ! to rhodamine B through a molecule of flu-
orescein. In addition, the overlap between the absorption
and the emission spectra of fluorescein and rhodamine
B by themselves indicates the likelihood of energy mi-
gration for these two dyes. Earlier experimental results
demonstrated that the absorption coefficient of these
three dyes do not change with increasing concentration
up to 1072 M in 95% ethanol. Hence aggregation of any
of these dyes may be assumed to be negligible in the
range of concentration of this study. Figure 2 also shows
that fluorescein and rhodamine B have very low extinc-
tion coefficients at the maximum absorption of coumarin
1 (377 nm). In a system in which coumarin 1 is the first
donor, fluorescein is the intermediary, and rhodamine B
is the acceptor, if coumarin 1 is effectively excited at
377 nm, its fluorescence band overlaps the absorption
region of fluorescein, while, in turn, the emission band
of fluorescein conveniently extends over the absorption
band of rhodamine B. In addition, it must be noted that
the emission of coumarin 1 overlaps the absorption of
thodamine B as well. Moreover, the quantum yields of
the three dyes are relatively high, being 0.573 for cou-
marin 1, 0.98 for fluorescein, and 0.95 for rhodamine B.
Also, as shown in Fig. 2, there are minimal overlaps
between the donor’s absorption and the acceptor’s emis-
sions; nonradiative and radiative back transfer of the ex-
citation energy from A* to D can be considered
negligible. All this information suggests that coumarin
1, fluorescein, and rhodamine B constitute an excellent
ternary system of energy transfer. Thus, this is a very
promising system in which the excitation energy of cou-
marin 1 should be transferred to rhodamine B directly
as well as through the medium molecules of fluorescein.
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Fig. 3. Fluorescence intensity of coumarin 1 versus concentration of
fluorescein in 95% Ethanol with 0.01 M NaOH. Concentration of cou-
marin 1: 1.00 X 10-2 M. (00000000) Corrected experimental points;
(eeeee0ee) uncorrected experimental points; (: )Bojarski’s
equation; (———————- ) Forster’s equation.

In order to obtain the energy transfer parameters
and a better understanding of the three-component sys-
tem, first, the energy transfers of the three binary sys-
tems in 95% ethanol with 0.01 M NaOH have to be
examined individually. The related critical transfer dis-
tances and concentrations were calculated using Egs. (2),
(8), and (9), respectively. The values are listed in Table
L

As shown in Table I, the coumarin 1/fluorescein
and coumarin l/rhodamine B pairs have moderate criti-
cal distances R_,, while the fluorescein/rhodamine B
pair has a longer distance, which reveals a potential for
more efficient energy transfer through this pair. On the
other hand, coumarin 1 has a R, of 21 A, which is not
long enough to result in considerable energy migration,
while fluorescein has a relative large R, about 40 A,
which may introduce a significant contribution of energy
migration into its binary system.

For the determination of relative quantum yields,
the areas under emission curves were used for the values
of fluorescence intensities. Because of the overlap be-
tween the emission band of coumarin 1 with that of flu-
orescein, peak analysis software (Peakfit, Jandel
Corporation) was used to deconvolute the fluorescence
spectra of the mixtures. The ratio of the corrected fluo-
rescence intensities of coumarin 1 in the presence of
fluorescein to the intensity of coumarin 1 by itself is
equivalent to the corrected relative quantum yields &/d,.
Figure 3 shows the ¢/¢, for coumarin 1 at 1.00 X 102
M versus the logarithm of the concentrations of fluores-
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Fig. 4. Donor fluorescence intensity versus concentration of thodamine
B in 95% ethanol with 0.01 M NaOH, (eeeeesee) Corrected exper-
imental points; (: ) Bojarski’s equation. (a) Coumarin 1, 8.0
X 10~* M; thodamine B, 1.0 X 10~ to 8.0 X 103 M. (b) Fluorescein,
3.0 X 10=* M; thodamine B, 1.0 X 10~3t0 1.0 X 1073 M.

cein in 95% ethanol. The theoretical curves calculated
from Bojarski’s as well as Forster’s equations are also
presented along with the experimental points in the same
figure. The experimentally measured quantum yield &,
of coumarin 1 used in the calculations was 0.573. The
experimental results agreed with the theoretical curves
within the limits of experimental errors. It may be seen
that differences between the Forster and the Bojarski
curves were very small in this system. This is evidence
that the energy migration was not a strong competitive
process compared with the radiationless energy transfer
between donor and acceptor in the system. This is un-
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derstandable since the donor—donor critical transfer dis-
tance (R,pp = 21.0 A) is much smaller than that of the
donor-acceptor (R,,, = 48.4 A). It should be empha-
sized that the theoretical curves calculated here do not
have fitting parameters. Similar experiments were car-
ried out in 95% ethanol solutions having a constant con-
centrations of coumarin 1 of 5.00 X 1073 and 5.00 X
10~* M and varying concentrations of fluorescein. Once
again, very good agreements were obtained between the
experimental values and the theoretical curves. The de-
tails of the study of this two-component system are de-
scribed elsewhere.(!»

In 1974 Ahmed ef al.“9 reported laser action in a
mixture of coumarin 1-rhodamine B in ethanol. They
suggested that, since the two absorption bands overlap,
the simultaneous emission from coumarin 1 and rhoda-
mine B is due to the simultaneous excitation of both
dyes. However, according to our experiments, energy
transfer processes are responsible for the two emission
bands in the fluorescence spectra of the mixed solution.
Figure 4a represents the corrected relative quantum
yields ¢/, of coumarin 1 at 8.00 X 103 M versus the
logarithm of the concentrations of rhodamine B in 95%
ethanol. The theoretical curve calculated from Bojarski’s
equation is also shown along with the experimental
points in the same figure. The experimental results
agreed well with the theoretical curves within the limits
of experimental errors.

Energy transfer systems containing fluorescein and
rhodamine B have been studied in aqueous solution'®
and in mixed organic solvents.('® Nonradiative energy
transfer and energy migration were verified as the major
processes in this binary system in the concentration
range of fluorescein from 5 X 1073 to 2 X 1072 M. Our
experimental results show that whén the concentration
of donor was fixed at 3 X 10~% M and the concentration
of acceptor varied from 1 X 10~° to 1 X 107* M, the
Bojarski theory was valid. The experimental results plot-
ted along with the theoretical curve are presented in Fig.
4b.

In summary, our studies showed that in the appro-
priate concentration ranges, the donor transfers excita-
tion energy to the acceptor through radiative as well as
nonradiative mechanisms in all three of these binary sys-
tems. By introducing the corrections for radiative energy
transfer and direct absorption of excitation by the accep-
tor,(071® the experimental data on the relative quantum
yields of the donors as a function of the concentration
of acceptor in all three binary systems were found to be
in excellent agreement with the predictions of theoretical
models proposed by Forster®® and Bojarski and Dom-
sta. (b
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Fig. 5. Emission spectra of solutions containing coumarin 1, fluorescein, and rhodamine B in 95% ethanol with 0.01 A NaOH: (1) 2.0 X 103 M
coumarin 1; (2) (1)+ 2.0 X 10-* M fluorescein; (3) (2)+ 2.0 X 10~% M rhodamine B; (4) (2)+ 5.0 X 10~ M rhodamine B; (5) (2)+ 8.0 X 10-*
M rhodamine B; (5) (2)+ 1.0 X 104 M rhodamine B; (7) (2)+ 2.0 X 10~* M rhodamine B; (8) (2)+ 4.0 X 10~* M rhodamine B; (9) (2)+ 8.0

X 10~* M rhodamine B; (10) (2)+ 9.6 X 10-* M rhodamine B.
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Fig. 6. Emission spectra of solutions containing coumarin 1, fluorescein, and rhodamine B in 95% ethanol with 0.01 M NaOH: (1) 2.0 X 10~* M
coumarin 1; (2) (1)+ 8.0 X 10~* M fluorescein; (3) (2)+ 1.0 X 10~* M rhodamine B; (4) (2)+ 2.0 X 10~% M rhodamine B; (5) (2)+ 5.0 X 10-3
M shodamine B; (5) (2)+ 8.0 X 10-* M rhodamine B; (7) (2)+ 1.0 X 10~ M rhodamine B; (8) (2)+ 2.0 X 10~ M rhodamine B; (9) (2)+ 3.8

X 10~* M rhodamine B.

For the three-component system, experiments were
carried out by taking the fluorescence spectra of solu-
tions containing fixed concentrations of coumarin 1 and
fluorescein and increasing concentrations of rhodamine

B in 95% ethanol with 0.01 N NaQH. The results were
compared with the fluorescence spectrum of a coumarin
1 solution of the same concentration. The observed
emission spectra for the mixture solutions and the so-
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Table II. The Shifting of the Emission Maxima (nm) of Coumarin
1, Fluorescein, and Rhodamine B in 95% Ethanol with 0.01 M
NaOH (Coumarin 1, 2.0 X 107 M; Fluorescein, 2.0 X 102 M)

Zhao and Rodriguez

Table IIL The Shifting of the Emission Maxima (nm) of Coumarin
1, Fluorescein, and Rhodamine B in 95% Ethanol with 0.01 M
NaOH (Coumarin 1, 2.0 X 10-3 M; Fluorescein, 8.0 X 1074 M)

Maximum of Maximum of Maximum of Maximum of Maximum of Maximum of
Rhodamine B coumarin 1 fluorescein rhodamine B Rhodamine B coumarin 1 fluorescein rhodamine B
conc. (M) (nm) (nm) (nm) conc. (M) (nm) (nm) (nm)
0.0 4333 —_ —_ 0.0 4334 —_ —
0.0 4283 518.7 — 0.0 430.8 516.4 —
2.0 X 10-3 429.2 520.1 553.1 1.0 X 103 4309 517.5 554.6
5.0 X 10-5 429.0 519.7 554.9 2.0 X 105 430.9 517.3 555.4
8.0 X 10-3 4290 519.3 556.1 5.0 X 105 430.9 516.9 556.3
1.0 X 10~ 429.0 519.0 556.5 8.0 X 105 431.0 © 516.6 556.7
2.0 X 10~ 4292 518.1 557.8 1.0 X 10~ 431.0 516.6 557.0
4.0 X 10~ 4294 516.5 559.5 2.0 X 10-* 431.2 5155 5584
8.0 X 10-¢ 429.8 5143 561.3 3.8 X 10~ 4313 514.4 559.8
9.6 X 10 4303 518.6 561.0

lution of coumarin 1 are given in Figs. 5 and 6. It can
be seen that the introduction of fluorescein into a cou-
marin 1 solution dramatically reduced the emission in-
tensity of coumarin 1. Subsequently, with the addition
of rhodamine B, both bands corresponding to the emis-
sion of coumarin 1 and fluorescein decreased simulta-
neously. Depending on the concentration of rhodamine
B, the emission of coumarin 1 decreased slightly while
that of fluorescein decreased considerably. In Fig. 5, the
greater than expected decrease in the emission of cou-
marin 1 and fluorescein for curve 3 is probably due to
experimental error. On the other hand, in the solutions
containing a constant concentration of coumarin 1 (2.0
X 10~% M) and of fluorescein (2.0 X 1073 M), the flu-
orescence intensity of rhodamine B increased with con-
centration until it reached 8.0 X 10~ M (see Fig. 5). At
even higher concentrations of thodamine B, the intensity
of its emission decreased because of a change in mech-
anism in which the concentrational quenching becomes
important. These observations demonstrate that the ex-
citation energy is transferred from the excited state of
coumarin 1 to the ground state of rhodamine B through
an intermediary molecule of fluorescein. Since the three
emission bands overlap each other, the spectra were de-
convoluted with the peak analysis software Peakfit and
the positions of maximum intensity and the areas of each
emission band were then determined. The emission max-
ima of the three bands are listed in Tables II and IIL
Both Table II and Table III reveal that the maxi-
mum of the rhodamine B emission band shows a red
shift with increasing its concentration. This phenomenon
suggests a self-reabsorption of the rhodamine B emission
on the high-energy side. Moreover, the fluorescein emis-

sion band started with a red shift in the maximum, and
then it was followed by a blue shift with increasing con-
centrations of rhodamine B. The initial red shift of the
fluorescein band may be due to the addition of the emis-
sion band of rhodamine B, which has a considerable
overlap on the low-energy side of the former. The fol-
lowing blue shift comes from the absorption of fluores-
cein emission on the lower-energy side by rhodamine B.
This is a typical phenomenon observed in cases of ra-
diative energy transfer from a donor to an acceptor. As
expected, the introduction of fluorescein to coumarin 1
solution caused a blue shift on the maximum emission
of the latter. Furthermore, an unusual recovery from this
blue shift in the maximum of coumarin 1 emission band
was observed with increasing concentrations of rhoda-
mine B as well. It may be explained as the result of a
competition between the radiative transfer from cou-
marin 1 to fluorescein and the nonradiative transfer from
coumarin 1 to thodamine B. It seems that the introduc-
tion of the third component in this system reduces the
probability of radiative energy transfer between the first
two components. Nevertheless, radiative energy transfer
still takes place simultaneously with nonradiative energy
transfer in this multicomponent system, and its effect has
to be taken into account.

Conte and Martinho® proposed a method for the
correction of radiative energy transfer and direct absorp-
tion of excitation by the acceptor in a two component
energy transfer system. We have modified their equa-
tions for the correction of donor’s quantum yields in a
three component system. By taking in consideration the
direct absorption and radiative energy transfer to the sec-
ond and third components, the fluorescence intensity of
the first component is given by
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Fig. 7. Relative intensity of coumarin 1 in the presence of fluorescein
versus the concentration of rhodamine B in 95% ethanol with 0.01 M
NaOH. (00000000) Corrected experimental points; (#0e08e9®) un-
corrected experimental points; (~—~————— ) Bojarski’s equation. (a)
Coumarin 1, 2.0 X 10-% M; fluorescein, 2.0 X 103 M; rhodamine B,
0to 1.0 X 1073 M. (b) Coumarin 1, 2.0 X 10~* M; fluorescein, 8.0
X 10-* M; rthodamine B, 0 to 4.0 X 10~ M.

b+ b'
Ilc - Ilexp T (18)
b =& () (sinB) C, 19
b' = [& (o) sinB + & (AL,) sina]C (20)

+ [& (M) sinB + & (i) sin ]G

where I, is the emission intensity of the first donor
obtained experimentally, and /,, is the intensity after cor-
rections. The molar absorptivities of the three compo-
nents are given by e1(>\exc)’ 82()\27«:)’ a'nd 83(>"exc)a
respectively at the exciting wavelength \,,.. The molar
absorptivities of the second and third components at the
first component’s emission wavelength, \!,, are €,(A})
and &,(\},). The angles of incident light and emission
light with the surface of the solution are a and B, re-
spectively. As mentioned before, in our experiments a
and B were 40 and 46°, respectively.
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For the fluorescence intensity of the second com-
ponent /,, we must take into consideration the direct
absorption of excitation light, and emission of the first
component, by the second component, and the absorp-
tion of excitation light, and emission of the first and
second components, by the third component. The re-
sulting relations are

c+c
121: = IZ:xp _C_ (21)

¢ = [& (\g) sinf + & ALIIG (22)
¢' = [& (o) SIDB + & (AL,) (23)
+ &, (A%,) sin ]G,

where the denotation of all the symbols is equivalent to
those above.

The fluorescence intensities of coumarin 1 in three-
component mixture solutions were corrected using Egs.
(18) to (20). The corrected relative quantum yields ¢/,
of coumarin ! at a concentration of 2.00 X 103 M, in
the presence of 2.00 X 10-* M fluorescein, were plotted
versus the logarithm of the concentrations of rhodamine
B in 95% ethanol in Fig. 7a. The theoretical curve cal-
culated from Eq. (15) is also shown along with the ex-
perimental points in the same figure. A value of 0.812
as the probability a,,,, as defined by Eq. (14), was used
in these calculations. Figure 7b represents the results of
similar experiments and data treatment with the same
concentration of coumarin 1, 2.00 X 103 M, but a lower
concentration of fluorescein (8.00 X 10~* M). As ex-
pected, the relative intensities of coumarin 1 in Fig. 7b
were higher than those in Fig. 7a.

Equations (21)~(23) were used to correct the ob-
served emission intensities of fluorescein, at concentra-
tions of 2.00 X 1072 and 8.00 X 10~* M, in the mixture
solutions containing these three dyes. Figure 8 shows the
plots of the corrected relative intensities ¢/, of fluo-
rescein in these solutions versus the logarithm of the
concentrations of rhodamine B in 95% ethanol. The the-
oretical curves plotted in the same figure were calculated
via Eq. (16) with a value of 0.623 for a,,. Once again,
the consistency between the theoretical curves and the
corrected experimental data is apparent.

CONCLUSIONS

This work is the first attempt to apply theoretical
relations to the calculation of fluorescence relative in-
tensities of donors at various concentrations of acceptors
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Fig. 8. Relative intensity of fluorescein in the presence of coumarin 1
versus the concentration of rhodamine B in 95% ethanol with 0.01 M
NaOQH. (00000000) Corrected experimental points; (e@eeeeee) un-
corrected experimental points; (~——————— ) Bojarski’s equation. (a)
Coumarin 1, 2.0 X 10-* M; fluorescein, 2.0 X 10-* M; rhodamine B,
0to 1.0 X 10~ M. (b) Coumarin 1, 2.0 X 10~* M; fluorescein, 8.0
X 10~4 M; rhodamine B, 0 to 4.0 X 10~* M.

in a three component system. The fact that the computed
theoretical curves coincide satisfactorily with the exper-
imental results demonstrates that the model and its cor-
rection factors represent the data very well. The results
seem to indicate that the nonradiative energy transfer,
which is accompanied by radiative energy transfer, dom-
inates this three-component energy transfer system. The
influence of the second component significantly affects
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the energy transfer from component 1 to 3, so that the
efficiency of the transfer from 1 to 3 is increased con-
siderably. By regulating the concentrations of these three
components, simultaneous emission bands of the three
dyes with comparable intensities can be obtained. For
example, when the concentrations of the three dyes were
coumarin 1 at 2.0 X 10-3 M, fluorescein at 8.0 X 10—
M, and rhodamine B at 2.0 X 10+ M (see Fig. 6), the
system gave comparable intensities at three wavelengths
of maxima, covering the spectral range from 450 to 600
nm. Since there is efficient energy transfer among these
three components, they are good candidates to constitute
an energy transfer dye laser system with wide tunable
wavelength range.
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