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1, INTRODUCTION

The study of the transfer of energy between
donor and acceptor dye molecules in solution has
both theoretical and practical importance. 1yes
play a major role in various fields. They are com-
monly used as biological and industrial stains. In
photosynthesis, dyes transfer optical energy from
one spectral region to another. Dyes can increase
the efficiency in solar energy conversion by absorb-
ing energy in a wide spectral region. It is impor-
tant to understand the mechanisms for energy
losses and transfer in neat and binary dye mixture
in solution. A series of experiments'~!' on dye
mixtures have shown that the excitation energy
may be efficiently transferred from a photoexcited
molecule (the donor) to an unexcited molecule (the
acceptor). Dye lasers have been widely used in
spectroscopic systems for photophysics and photo-
chemistry studies. Energy transfer from an ab-
sorber (donor) molecule to an acceptor molecule in
a dye laser mixture affects the operation and spec-
tral output of the dye laser. The mixture of two
dissimilar dye molecules, for example, rhodamine
6G and cresyl violet, can increase the efficiency of
a dye laser of cresyl violet. Lin and Dienes’ have
studied the excitation transfer in a laser dye mix-
ture of rhodamine 6G and cresyl violet by studying
the fluorescence kinetics of only the donor mole-
cule. They found a Stern-Volmer quenching rela-
tion for the donor system. Rehm and Eisenthal*
also studied the donor kinetics and found that the
energy transfer between the rhodamine 6G (the
donor) and malachite green (the acceptor) is in
agreement with the Forster theory. Recently, Port-
er and Tredwell!! studied the same system of rho-
damine 6G and malachite green and obtained a
value of Ry=352.5 A+0.5 A for the Forster
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The fluorescence temporal profiles for donor and acceptor molecules in the binary mix-
tures of (1) rhodamine 6G and oxazine-4-perchlorate and (2) rhodamine B and nile-blue-
A-perchlorate were measured using a 6-ps laser pulse and streak camera-video system.
The theoretical calculations were fitted to the experimental data to obtain fundamental in-
formation concerning energy-transfer dynamics in binary mixtures.

mechanism. However, these investigators have
only studicd the kinetics of the donor system to ob-
tain information on the energy-transfer rates to the
acceptor. These measurements do not give a com-
plete picture of energy transfer to the acceptor be-
cause of competing nonradiative and radiative rates
and concentration quenching from the donor and
acceptor, spatial distribution, etc. It is essential to
measure the kinetics of both the donor and acceptor
molecules to obtain a complete description of the
energy-transfer mechanism operating in the binary
components of dyes in a solution.

In this paper, we present experimental measure-
ments and theoretical calculations for the energy-
transfer dynamics in two mixtures composed of {1)
rhodamine 6G (the donor) and oxazine-4-
perchlorate (the acceptor}, and (2) rhodamine B
fthe donor} and nile-blue-A-perchlorate (the accep-
tor). The fluorescence kinetics for neat dyes and
for both the donor and acceptor dyes in the binary
mixture were investigated at concentration
2.5% 10~M in ethylene glycol at room tempera-
ture. The absorption and fluorescence spectra for
the donors and acceptors used in the paper are
displayed in Fig. [.

Ii. THEORY

The long-range resonance energy-transfer rate
between two species of molecules was shown by
Forster to depend on distance as R =% due to the
dipole-dipole* ! interaction. Dexter!® extended
this theory and included exchange and higher mul-
tipole interaction in the study of energy transfer,
Yokota and Tanimoto'’ developed a model treating
the diffusion of the excited molecule as a perturba-
tion to the theory of long-range transfer. Later,
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FIG. 1. Steady-state absorption and fluorescence spectra for donor and acceptor dye molecules,

and b} RB(D)-NB(4).

Klein et al.'® formulated the theory considering
the diffusion effect and long-range energy transfer.
Recently, Auerbach et al.'® have considered a dif-
fusion modulated donor-acceptor energy transfer in
a disordered system and obtained the result that
the fastest acceptor rise times occur in the limit of
the slowest donor diffusion, and faster rise times

(a) R6GIDY-OX(A4)

also result from shortening of the range of the
donor-acceptor transfer interaction. Furthermore,
Allinger and Blumen®® used statistics to investigate
the direct energy transfer in the donor-acceptor
system. Most of the theories and measurements
emphasized the results of the donor in the energy-
transfer process. There is lack of a concise theory
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OORNOR ACCEPTOR

FIG. 2. Energy diagram for the theoretical madel for
the resonance energy transfer in the binary mixture solu-
tion. Dy, is the excited electronic state of the nth donor
molecule. D, is the vibronic state associated with Dy,.
Similarly, o is used for acceptor, and 8 is the transfer
rate,

which will fit the experimental results for the ki-
netics of both the donor and accepior.

A theoretical model including the spatial distri-
butions of the molecules and relaxation rates which
accounts for the decay and rise-time fluorescence
kinetics of both the donor and acceptor molecule is
derived in this section. The energy-level diagram
for the donor and acceptor are shown in Fig. 2,
The rate equations describing the energy dynamics
for photoexcited donor (D} and acceptor (4) mole-
cules are as follows.

The donors are photoexcited 10 a vibrational
state, denoted by S in the electronic manifold:

D2n+PDD2n:UD106(f) . (1}

Likewise, some acceptors are photoexcited to vibra-
tional states ST of the electronic manifold:

Ay tpadan=a, Io8(1) . 2

The population of excited donor and acceptor mol-
ecules are described by equations

N

. B |
D1n+(YD+FD )Dln:PDDZn— Esanln {3)
m
and
. Np
A1n+(?’f! +FA)A1n=PAA2n+ zamuDlm ) 4)
m
respectively.

The following is a list of the symbols:
I8(t)=ultrashort laser pulse (photons/cm? sec);
Dj, = probability for the nth donor molecule to

be in the jth excited siate;

A= probability for the ath acceptor molecule
to be in the jth excited state;

pp= excited-state vibrational relaxation rate of
donor molecule;

p4 = excited-state vibrational relaxation rate of
acceptor molecule;

04,0 = absorption cross sections in the accep-
tor and donor molecules;

yp = nonradiative decay rate of donor molecule;

v = nonradiative decay rate of acceptor mole-
cule;

['p = radiative decay rate of donor molecule;

', = radiative decay rate of acceptor molecule;

8, = transfer rate from the nth donor to mth
acceptor;

—1/7p(Rg/R)®;

7p= fluorescence lifetime of donor;
and Ro= the distance for which the rate of energy
transfer is equal to the sum of all other donor
deactivation rates.

In the case of xanthane and oxazine dyes in
viscous liquids, the diffusion constants are on the
order of 107° cm?sec™! and the fluorescence life-
times are on the order of 1 ns in the neat solution.
In this case the diffusion length is about 3 A, 3o
the diffusion effect'® is less important than the
long-range energy mechanism and has been
neglected here.

The initial conditions at : =0 for donor and ac-
ceptor probabilities are

DZR(0+):O-DIU s (5)

A0 =0 1 , (6}

D, (0T)=0, (7}
and

A,{0T)=0. (8)

Averaging over the spatial distribution of mole-
cules is essential to describe the observed donor
and acceptor kinetics. The equations for the
fluorescence per unit volume £ (7) and &/(t) for
the donor and acceptor molecules will follow. For
the donors

1 ND I-\D ;"4 | Np
(@(:):7@9 h> D3n>:—V— 11 |5 [ dvdmri | 3 D
n=1 k=1 n=I
FD i ;VD t s s Nrf ,
=0 7fdn41r'y;2( 2 fo dt'ppoploexpl —ppt’ - |8p+ Z By (1 =171
=1 n=lt m=1
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For the acceptors,
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N,
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{10)

where np =Np/¥V=number of donors per unit volume, n, =N /¥ =number of acceptors per unit volume,

and A=1/7p(Rq/R)°.
Substituting & (¢') into «/(t}, we obtain

1) (e PP!_g T84

= |npppf
DPD g4—Fp

—n,t —o.,t
e Pat_ e 84 )
Hap4

Ba—pPu

— . i 4
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g4—Pp 0
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84— Pp

- 1
tppphe g"Ifo drexp |(g, ﬂgp)fﬂ-eg—rrru virAr

—_ f
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where B=0op /o4 is the ratio of absorption cross
sections of the donor and acceptor, g5 ' = fluores-
cence decay time of the donor in a neat solution,
and g7 '= fluorescence decay time of the acceptor
in a neat solution. Varying the parameters Ry, 3,
gp, and g, we have calculated the fluorescence per
unit volume versus time for donor and acceptor
molecules using Eqs. (9) and (11).

Standard numerical computer analysis was used
to solve Eqgs. (9) and (11). The results are shown in
Figs. 3, 4, 5, and 6. The calculations for different
parameters will be described in the next subsec-
tions,

, 1y

For a neat selution the fluorescence intensity
profile versus time is described by the equation

F(t)=——pF—(e—g*'t—e_pFr), (12)
Pr—8r

where pp= vibrational relaxation rate, and g7 '=
fluorescence decay time, Using Eq. (12) the calcu-
lated fluorescence profile of neat solution rhodam-
ine B and nile-blue-4-perchlorate are shown in
Figs. 7 and 8, respectively. Comparing Figs. 7
(neat) and 3(a) (mixture), we observe a faster decay



3614 P.Y.LU,Z X. YU, R. R. ALFANO, AND J. L. GERSTEN 26

Rg=20 (a) oDponoR

INTENSITY

FLUCRESCENCE

4] 400 800 1200 1600 2000
TIME (ps)
16

o (b}  ACCEPTOR

2

P

L2

Tk

s

&8

Q)

w

[T

[i4

(o]

3

T 4

) ﬁl |‘-_T”-—‘T-”|ﬁ—l‘_‘_"r“——l
0 400 800 1200 1600 2000
TIME {pS)

FIG. 3. Theoretical calculation of fluorescence profile
versus time obtained by Egs. (9) and {11) for {a) donor
and (h) acceptor for various Ro=20, 40, 60, 80, and 100
A. The detection system rise time is assumed to be 80
ps, considering the resolution of streak camera. The
fluorescence decay time is assumed to be 1.5 and 0.75 ns
for donor and acceptor, respectively. The ratio of ab-
sorption coefficient of donor to acceptor is 17.5. The
concentration is 2.5X 107°M.

kinetics for rhodamine B in the mixed solution
than in neat solution. Both curves have fast rise
times. Comparing Figs. 8 and 3(b), we observe a
much slower rise of fluorescence for nile-blue-A-
perchlorate in the mixed solution than in the neat
solution. These results give information for the
theoretical description of the behavior of the ener-
gy transfer from rhodamine B (the donor) to the
nile-blue-A-perchlorate (the acceptor).

The numerical solutions for the various parame-
ters Ro, B, gp, and g, on the fluorescence kinetics
profile of donor and acceptor molecules are dis-
cussed in the following four subsections.
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FIG. 4. Theoretical calculation of fluorescence profite
versus time obtained by Egs. (9) and (11) for {a} donor
and (b} acceptor for different ratios of absorption of
donor and acceptor, 8=30 and 10, The detection rise
time is 80 ps. The fluorescence decay time is assumned
to be 1.5 and 0.75 ns for donor and acceptor, respective-
ly. The concentration is 2.5X 107°M and Rg=40 A.

A. Rg variation

, The parameter Ry was varied from 20 A to 100
A for the calculation of the fluorescence of donor
and acceptor molecules. These results are shown
in Figs. 3(a) and 3(b). The other parameters such
as Pp, Py, 8p, 84, and 3 in the Egs. (9) and (11)
remain fixed. The values of the parameters are
given in the figure caption of Fig, 3. In Fig. 3a),
for a given concentratjon of molecules (2.5 1072
M, gives R P1=43.5 A, RPP=R*4=54 A, the
peak intensity of donor fluorescence decreases as
Ry, increases indicating more energy transfer. In
Fig. 3(b), the peak intensity of the acceptor in-
creases and the rise time becomes faster as Rg in-
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FIG. 5. Theoretical calculation of fluorescence profile
versus time obtained by Eqs. (9) and {11) for (a} donor
and (b) acceptor for different fluorescence decay times
of donor rp (4, 2, 1.5, 1, 0.4, 0.2 ns). The detection sys-
tem rise time is 80 ps. The fluorescence decay time is
0.75 ns for the acceptor, The concentration is
2.5 107*M and the ratio of absorption coefficient is
17.5, and Rq=40 A,

creases, Physically, this means the energy transfer
is more efficient if the separation distance R be-
tween the donor and acceptor molecules for a given
concentration is less than Ry, If Ry increases con-
tinuously, the energy transfer becomes so efficient
that the donor acts like a pumping laser pulse
which provides the energy. The intensity of the
fluorescence profile of the acceptor abruptly in-
creases because of a much higher-energy absorption
ability of the donor, which provides almost all of
the energy it absorbed to the acceptor. In this
case, the acceptor fluoresces in the same way as
though it was pumped directly by a laser pulse in a
neat solution (actually, it gained energy from the
donor}. So, the rise time of the acceptor looks very
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FIG. 8. Theoretical calculation of fluorescence profile
versus time obtained by Eq. (12} for an acceptor in neat
solution. The detection system rise time is 80 ps and
the fluorescence decay time is 0,75 ns.

much like that in the neat solution and we observe
the time displacement between the peak and the
starting point of the fluorescence profile becomes
smaller as Ry reaches 100 A,

B. Ratio of donor and acceptor absorption
cross section B

The ratio 8 of the absorption cross section of the
donor to that of the acceptor was varied from 10
to 30. The fluorescence of the donor and the ac-
ceptor for different values of B are shown in Figs.
4(a) and #(b), respectively. The value of 3 defines
the ratio of the amount of energy of the incident
faser pulse absorbed directly by the donor and ac-
ceptor, A large value of 3 indicates a smalier ab-
sorption by the acceptor. The acceptors are chosen
such that the direct absorption ability of laser ener-

gy is much weaker than the donor. In our case,
the fluorescence from the acceptors occurs from
the optically excited donors via energy transfer.
Thus, the fluorescence kinetics depends on the en-
ergy transfer from the donor to the acceptor for
large values of 5.

C. Effect of the donor flucrescence
decay time: Tp

By changing the value of the donor decay time,
the fluorescence kinetics profiles of the donor and
acceptor are calculated in Figs. 5(a) and 5(b). The
fluorescence decay time of acceptor 7, for this cal-
culation is fixed at 0.75 ns. In the neat donor
solution, the longer the fluorescence decay time,
the larger the fluorescence quantum yield and more
light is emitted. In the binary dye mixture, as the
fluorescence decay time increases, the fluorescence
intensity of the donor molecules increases. In this
case, the resonant energy transfer through the
dipole-dipole interaction is decreased because ener-
gy is spread out over a larger time interval
(transfer rate ~1/7p). Therefore, the finorescence
intensity of the acceptor decreases in the low-
energy transfer case when the fluorescence decay
time of the donor molecule increases.

D. Effect of acceptor fluorescence
decay time: 74

The caleulated kinetic profiles of the acceptor
molecule in the dye mixtures are shown in Fig. 6
for different fluorescence decay times of the accep-
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FIG. 9. Schematic diagram of the time-resolved fluorescence experimental setup.
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tor molecule. The donor decay time is fixed at 1.5
ns. These results show that the acceptor molecule
excited by energy transfer from the donor
fluoresces with complex behavior, The acceptor
molecules are excited by resonant dipole-dipole in-
teraction and then fluorescence. So, the longer the
fluorescence decay time, the slower the decay of
the acceptor in the mixture solution. As expected,
there is little effect on the fluorescence kinetics of
the donor in the mixture for different fluorescence
decay times of the acceptor.

I1I. EXPERIMENTAL SETUP

The experimental setup?' used in this research
program is shown in Fig. 9. The 1.054-um laser
beamn is generated by the Nd:phosphate glass oscil-
lator and amplifier. The single pulse selector is
used to select a single pulse from the mode-locked
pulse train. A second harmonic generator, potasi-
um dihydrogen phosphate (KDP) converts the fre-
quency of the 1.054 to 0.527 pm,

The 0.527-um single pulse is delayed by an opti-
cal delay unit (White cefl), and incident onto the
sample. The excitation pulse is filtered by a Corn-
ing filter 3-67 from the fluorescence from the sam-
ple. A cyan dichroic filter is used to separate the
fluorescence component of rhodamine 6G, and
Hoya R-66 filter is used for the component of
oxazine-4-perchlorate. The Ditric short pass filter
at 620 nm is used to separate the fluorescence
component of rhodomine B, and the Hoya R-68
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FIG. 10. Time response of the streak camera system
on a 3-ns sweep scale—a 6 ps, 530-nm laser pulse pro-
file versus time measured by streak camera system,
This is the time convolution of the laser pulse and the
system function of the detection apparatus. The puise
width at half maximum is about 80 ps. This is the time
response function of the detection system on the streak
rate used (3.1 ns full-time display).
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FIG. [i. Experimental measurement of fluorescence
profile versus time of neat rhodamine 6G in ethylene
glycol at a concentration 2.5 107*M. Using Corning
3-67 filters and a cyan dichroic filter, the fluorescence
decay time is found to be 1.8 ns+0.15 ns (5300
A <X <6000 A} by least-squares data fitting.

filter is used for the component of nile-blue-A-
perchlorate, The fluorescence is collected by lenses
and focused into the slit Hamamatsu streak cam-
era’? (C 979). The streak camera has a time reso-
tution of < 10 ps on the fastest sweep range of a
400-ps total time display. The streak camera out-
put is recorded and digitized by a silicon intensi-
fied target (SIT) camera and Hamamatsu Temporal
Analyzer. The data are stored and corrected for
streak rate and intensity by Digital Minc 11 mini-
computer. On the full-time display of 3.1 ns, the
overall resolution of streak camera at this streak
rate for these measurements is 80 ps. The system
response for a laser pulse (pulse duration =6 ps
measured by two photon fluorescence technique) is
shown in Fig. 10. The system time response at full
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FIG. 12, Experimental measurement of fluorescence
profile versus time of neat oxazine-4-perchlorate in
ethylene glycol with a concentration 2.3X 10~*M. Us-
ing Corning 3-67 filters and Hoya R-66 filter, the
fluorescence decay time is found to be 1.52 ns+0.1 ns
(A > 6600 A} by least-squares data fitting.
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FIG. 13. Experimental measurement of fluorescence
profile versus time of neat rhodamine B in ethylene
glycol with a concentration 2.5X 10~3M. Using 3-67 fil-
ters and Ditric short pass filter at 620 nm, the fluores-
cence decay time is found to be 1.5 ns+0.16 ns (5300
A << 6200 A) by least-squares data fitting.

width at half maximum power is around 80 ps for
the convolution of the laser pulse signal with the
system function in time on the 3.1 ns full scale.
Only the 2-ns part of the total display is displayed
in Fig. 10. A portion of the excitation pulse is
directed into the streak camera as a marker
prepulse. The absolute zero time point for the
fluorescence is determined by measuring the time
period between the prepulse and the scattered exci-
tation light from the surface of the sample. The
streak camera is focused for spectral region from
530 to 750 nm.

The laser-grade dye samples {Eastman Kodak
Company) was dissolved in the certified ethylene
glycol (Fisher Scientific Company). A concentra-
Gon of 2.5 10738 for both the neat {similar,
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FIG. 14. Experimental measurement of the fluores-
cence profile versus time of neat nile-blue-A-perchiorate
in ethylene glycol with a concentration 2.5% 107°M.
Using Corning 3-67 and Hoya R-63 filters, the fluores-
cence decay time is found to be 0.75 ns+0.05 ns
(A > 6800 A} by least-squares data fitting.

monocomponent system} and binary mixture (dis-
similar, two-component system) solution was
prepared. At this concentration the average dis-
tance R between the donor and acceptor molecules
is about 43.5 A, and the average distance between
donor-donor molecules in the mixture is 54 A,
The solution was contained in a i- or 2-mm optical
path cuvette. The ratio of absorption coefficient 8
at A=530 nm for rhodamine 6G to that of
oxazine-4-perchlorate, and rhodamine B to that of
nile-blue-4-perchlorate was measured to be 22 and
17.5, respectively. At these absorption ratios, very
fittle direct pumping of the acceptor molecules is
possible in the mixed system.

1V. EXPERIMENTAL RESULTS
A. Neat sample kinetics

The fluorescence kinetic from neat monocont-
ponent solutions of dyes of rhodamine 6G,
oxazine-4-perchlorate, rhodamine B, and nile-blue-
A-perchlorate in neat solution are shown in Figs.
11, 12, 13, and 14, respectively. The rise time of
fluorescence is the time convelution of the system
response function (80 ps) of our detection system
on the 3.1-ns full-time scale. The fluorescence de-
cay time is determined by a least-square single ex-
ponential data fitting. The decay times are 1.8,
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FIG. 15. Experimental measurement of fluorescence
profile versus time of rhodamine 6G (the donor) mixed
with oxazine-4-perchlorate (the acceptor) in ethylene
glycol with 2 single g:oncentration of 2.5% 107°M.
(5300 A <A <6000 A). The filters used are Corning 3-
67 and cyan dichroic filters. The measurement is fitted
by a solid curve generated theoretically from Eg. {9).
The parameters used to fit the donor data are the sys-
tem rise time of 80 ps, the fluorescence decay time of
1.8 and 1.52 ns for the donor and acceptor molecules,
respectively, the ratio of absorption coefficient of the
donor and acceptor of 22, and value Ro=535 A.
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FIG. 16. Experimental measurement of fluorescence
profile versus time of oxazine-4-perchlorate (the accep-
tor}) mixed with rhodamine 6G (the donor} in ethylene
glycol with a single concentration of 2.5 1077M
(A > 6600 A). The filters used are Corning 3-67 and
Hoya R-66 filters. The measurement is fitted by a solid
curve generated theoretically from Eq. (11). The param-
eters used to fit the acceptor data are the system
response of 80 ps, the fluorescence decay time of 1.8
and 1.52 ns for the donor and acceptor. respectively. the
ratio of absorption coefficient of donor and acceptor of
22, and value Ry=355 A.

1.52, 1.5, and 0.75 ns at C=2.5x 1077 M for Figs.
11 (R6G), 12 (OX]), 13 (RB), and 14 (NB), respec-
tively. The standard error for these decay times is
<0.2 ns.
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FIG. 17. Experimental measurement of fluorescence
profile versus time of rhodamine B (the donor) mixed
with nile-blue-A-perchlorate in ethylene glycol with sin-
gle concentration of 2.5 107*M (5300 A < A <6200 A),
The filters used are Corning 3-67 and Ditric short pass
filter at 620 nm. The measurement is fitted by a solid
curve generated theoretically from Eq. (9). The parame-
ters used to fit the donor data are the system rise time
of 80 ps, the fluorescence decay time of 1.5 and 0.75 ns
for donor and acceptor, respectively, the ratio of absorp-
tion coefficient of donor and acceptor of 17.5, and value
Ro=48 A,
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FIG. 18. Experimental measurement of fluorescence
profile versus time of nile-blue-4-perchlorate (the accep-
tor) mixed with rhoedamine 2 (the donor) in ethylene
glycol with a single concentration of 2.5x 1073M
(A 6800 A). The filters used are Corning 3-67 and
Hoya R-68 filters. The measurement is fitted by a solid
curve generated theoreticaily from Eq. (11). The param-
ters used to fit the acceptor data are the system rise
time of 80 ps, the fluorescence decay time of 1.5 and
0.75 ns for the donor and acceptor, respectively, the ra-
tio of;absorption coefficient of 17.5, and value of R,
=48A.

B. Donor-acceptor mixture kinetics

The fluorescence of rhodamine 6G (the donor)
and oxazine-4-perchlorate (the acceptor system;
and rhodamine B (the donor) and nile-blue-A-
perchlorate (the acceptor) system are shown in
Figs. 15, 16, 17, and 1§, respectively.

From Figs. 15 and 10, we found that 1/¢ time
of the donor in the mixture becomes shorter com-
pared to the fluorescence decay time of the donor
molecule in the neat solution, The shortening is
about 700 and 200 ps for rhodamine 6G and rho-
damine B, respectively. From Figs. 16 and 12, we
found that the rise time of the acceptor in the
binary mixture becomes slower compared to that
of the neat solution. The measured rise time is 650
and 400 ps slower than neat oxazine-4-perchlorate
and neat nile-blue-A-perchlorate of 80 ps (system
time resolution}, respectively. This is attrubuted to
the energy transfer from the donor to the acceptor
because the rate of energy transfer to the excited
state of the acceptor molecule is much slower than
the feeding rate by vibrational relaxation.

Y. DISCUSSION

The experimental fluorescence kinetics profiles
of both the donor and acceptor were fitted by sub-
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situting the experimental value of Py, gpn, Py, 2.4,
and B in Egs. (9) and (11} for a different value of
Rg. The experimental results of the donor and ac-
ceptor can be fitted very well with an appropriate
value of Ry. This is a one-parameter fit (Ry). The
parameter R for the best fit to the data for (1) the
mixture of rhodamine 6G and oxazine-4-perchlor-
ate system is 35 A+1A, and (2) rhodamine B and
nile-blue-4-perchiorate system is 48 A+2 A

We have performed the first measurement for
fluorescence kinetics of both the donoer and accep-
tor dye molecules and theoretically fitted the decay
profiles of both the donor and the acceptor. The
theory for the energy-transfer kinetics was develop-
ed to explain the change of decay of fluorescence
of the donor, and the rise time of the fluorescence
of the acceptor molecules. The theoretical fitting
to the experimental kinetics profiles is excellent
and consistent.

Theoretically, the parameter Ry is the distance
at which the rate of energy transfer is equal to the
sum of all other donor deactivation rates. It can
be expressed in terms of the overlapping integral of
the emission spectrum of the donor and absorption
spectrum of acceptor. The meaning of Ry is just
the strength of interaction between the donor and
acceptor molecule. It is the distance parameter
from which we can estimate if there is energy
transfer, what concentration of solution we are able
to make to get the efficient energy transfer. The
values of R, were calculated! from spectroscopic
data of fluorescence of the donor and absorption
spectra: for R6G-0OX 4, Ry=56 A+l1 A and for
RB-NB, Ry=>54 A+2 A. These values are in ex-
cellent agreement with the values of R obtained
from fitting the time resolved measurements of
donor and acceptor in this study. The values of
Ry are also in agreement with the results of Porter
and Tredwell ' In addition, the critical transfer
distance RO for donor-donor etcnatlon transfer
was calculated to be 41 and 40 A for R6G-R6G
and RB-RB, respectively, The donor-donor excita-
tion transfer will occur at high concentration of
donors?® when the critical distance R{” for D-D
transfer is larger than the average distance R be-
tween molecules. The long-range energy-transfer

rate between molecules decreases tremendously
when the critical distance Ry is less than the aver-
age distance R in the Forster mechanism, If

Ry > R, there will be an increase in the long-range
transfer. In order to enhance the energy transfer
between donor and acceptor molecules, it is neces-
sary to choose a pair of donors and acceptors such
that (a} the absorption specirum of the acceptor
overlaps with the tail portion of the emission spec-
trum of the donor towards the longer-wavelength
region as showu in Fig. 1; (b} the critical distance
RE* for donor-acceptor molecules is greater than
that (Rf)) D) of donor-donor and Rf,” > R P4

R P25 REP; () the absorption of laser energy by
donors is high enough to overcome the absorption
of laser energy by acceptors and to reduce the
fong-range D-D energy transfer to a minimum. In
our cases the donor-donor energy transfer is not as
important as donor-acceptor energy transfer be-
cause R§4 > R 2 and RP?5 R{P. If Ry=0, for
instance, there is no overlapping of the emission
spectrum of the donor and absorption spectrum of
the acceptor. In this case, there is no energy
transfer at all. This can be easily double checked
by inserting Rg==0 in the Eqgs. {9} and (11) to yield
Eq. (12) immediately. The value of R, found for
the rhodamine 6G and oxazine-4-perchlorate is
larger than that of rhodamine B and nile-blue-4-
perchlorate. These results give us another con-
sistency check between the theory and experimental
results.

Work is in progress for different concentrations
of donor and acceptor molecules as well as a tem-
perature dependence. This research will add more
fundamental information on the mechanisms of en-
ergy transfer of dyes in solutions and in glasses.
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