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The ¢nergy transfer between donor and acceptor molecules has been studied by steady-
state and picosecond time-resolved spectroscopies in solutions with a given concentration of
donor molecules and different concentrations of acceptor molecules, The rise and decay
times of the fluorescence from donor and acceptor molecules were measured. The decrease
of the decay times of the donors and the rise time of the acceptors with an increase of the
concentration of acceptors observed in the mixed solution indicates 2 faster energy-transfer
rate between the donors and acceptors. Theoretically calculated fluorescence profiles and
efficiencies of energy transfer are in agreement with the experimental results,

INTRODUCTION

Dyes are sensitized by light and are good materi-
als for many industrial applications. Understanding
the physical processes associated with photoexcited
dyes is important for the efficient conversion and
transfer of optical energy to other spectral regions.
The photoexcitation of a sotution with two kinds of
dyes has buen used to study the optical energy
transfer'~!* between donor and acceptor molecules.
Theories'$~2 have been developed to explain the
possible mechanism of energy transfer in mixed
dyes. However, there are few experimental measure-
ments which studied both the kinetics of the donor
and acceptor molecules simultaneously. Recentiy,?*
we have measured the rise and decay of the fluores-
cence profiles of the donor and acceptor molecules
in a2 mixed solution at a fixed concentration
(2.5 10~°M). A theoretical mode! was formulated
to fit the experimental results for the time-resolved
fluorescence profiles of the donor and acceptor mol-
ecules. The consistency of the theory with the ex-
perimental data® has given some of the conditions
for efficient energy transfer between the donor and
acceptor dye molecules, In order to obtain addition-
al information on the energy-transfer mechanisms
and transfer efficiency, a series of measurements
with different concentrations of donor and acceptor
molecules are necessary,

In this paper, experimental measurements and
theoretical calculations were performed on mixed
solutions of a fixed concentration of donor mole-
cules with different concentrations of acceptor mole-
cules for the following pair of dyes: (1)
Rhodamine-6G (the donor} and Oxazine-4 per-
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chlorate (the acceptor), and (2) Rhodamine-B {the
donor) and Nile Blue A perchlorate (the acceptor),
This is a continuation of the research presented in
Ref. 24. The dyes were dissolved in ethylene glycol
at room temperature where diffusion is smail and
neglected,

THEORY

The fluorescence inténsity per unit volume from
the donor and acceptor molecules as function of
time were formulated by us and are presented in
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FIG. 1. Theoretical calculation of the fluorescence pro-
files vs time obtained by Eq. (9) of Ref. 24 for the donor
at concentration 1.25X 10~*Mf and various concentrations
of acceptors. Detection system rise time is assumed to be
80 ps considering the convolution of the signal and streak
camera. Critical transfer distance Rq is assumed to be 55
A. Ratio of absorption cross section of donor to acceptor
is 22. Decay time of donor is 1.85 ns.
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Ref. 24, Using Egs. (9) and (I1) in Ref. 24, the
fluorescence profiles versus time were calculated nu-
merically for a given concentration (1.25% 1073M1)
of the donor mixed with various concentrations of
acceptors. The calculated fluorescence profiles in
time of the donor and acceptor molecules are
displayed in Figs. | and 2. In Fig. 1, the fluores-
cence intensity and quantum yield of the donor de-
creases as the concentration of acceptor increases,
In Fig. 2, the fluorescence intensity and quantum
J

fcm fore"P[ =Pt =) —gpr~(4m/3)y

yield of the acceptor increases as the concentration
of the acceptor increases. This implies a farger and
more efficient energy transfer in the higher concen-
tration of acceptor molecules because there are more
acceptor molecules surrounding a given donor mole-
cule. The mean distance between the acceptor and
donor is smaller than critical energy-transfer dis-
tance R, for higher energy transfer,

According to the theoretical model,2* the efficien-
cy of the energy transfer Mg, 18 defined as follows:

VirArldrde

Mg=1-

where the parameters are defined in Ref. 24, On the
other hand, the efficiency of energy transfer at aver-
age distance between donor and acceptor can be
written as

kgr 75 (Ro/R)®
T er+ep 75 (Ro/R)o4 75!
__(Ro/R)S
C1+(Re /R

where kcp is the average energy-transfer rate and Ry
is the actual energy-transfer distance for the donor
and acceptor.* The value of Mg can be used to
check the consistency of the theoretical calculation
by comparing the results obtained from Eqs. (1) and

{2)
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FIG. 2. Theoretical calcuiation of the fluorescence pro-
files vs time obtained by Eq. {11) of Ref. 24 for the accep-
tor at various concentrations and the donor at a concen-
tration of 1.25X 10~'M. System response function is 80
ps- Decay times of donor and acceptor are assumed to be
1.85 and 1.45 ns, respectively, Critical transfer distance is
35 A. Ratio of the absorption cross section of. donor to
acceptor is 22,
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(2) with the experimental measurements for the dif.
ferent concentrations of acceptors mixed with g
fixed quantity of donars,

EXPERIMENTAL SETUP

The steady-state luminescence Spectra were mea-
sured using a conventional method. Light at 530
nm was chopped and focused frontally onto the
sample, The fluorescence signal from the sample
was focused onto the slit of a Spex double ?'m spec-
trometer, detected by an RCA 7265 photomultiplier
and measured by a lock-in amplifier combination.
The fluorescence Spectrum was recorded on an X-¥
recorder,

The experimental setup used in picosecond time-
tesolved studies was described previously.* The
laser system®® consisted of an Nd:phosphate glass
oscillator and amplifier which provides a 6-ps,
1054-nm laser pulse. A single puise was frequency
doubled by a second harmonic generator, KDP (po-
tassium dihydrogen phosphate), The 527-nm single
pulse was delayed by an optical delay device {white
cell), collimated, and imaged onto the sampie, The
Corning 3-67 filters were used to spectrally isolate
the fluorescence from the sample. In addition, a
Cyan dichronic filter was used to separate the
fluorescence component of Rhé6G and Hoya R-66
filters were used to isolate the fluorescence com-
ponent of Oxazine-4 perchlorate. A short pass filter
{Ditric, Mass.) at 620 nm was used to separate the
fluorescence component of Rhodamine B and a
Hoya R-68 filter was used to isofate the component
of Nile Blue A perchlorate. A Hamamatsu streak
camera®® (C979) was used to Mmeasure the time-
resolved fluorescence signals, The fluorescence was
collected by lenses and focused onto the slit of the
streak camera. The streaked image was digitized by
& SIT (silicon intensifieq target) camera and
displayed on the sereen of Hamamatsu temporal
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analyzer. The overall resolution of detection system
is 80 ps on the full time scale of 3.1 ns. The system
response for a 6-ps laser pulse is about 80 ps which
ts the convolution of the laser pulse signal and the
streak camera system’s response function on the
3.1-ns scale. On the fastest sweep rate of a 400-ps
total time display, the streak camera has a resolution
of less than 10 ps. The streak camera was focused
for the spectral region from 530 to 750 nm. A por-
tion of the 530-nm excitation puise was directed into
the streak camera as a marker prepuise. The abso-
lute zero time point of the fluorescence was found
by measuring the time separation between the
prepulse and the scattered excitation light from the
surface of the sample. A Digital Equipment Cor-
poration Minc 1 minicomputer was used to store
the data and correct the streak rate and intensity, A
Digital Equipment Corporation PDP10 computer
was interfaced with a Minc 1! minicomputer for the
analysis of data. Standard numerical methods in-
cluding scientific subroutines were used in the data
analysis and curve fitting. The value for Ry was
determined using the method of minimum standard
deviation fitting of the theoretical expressions® to
the measured intensity time profiles and calculated
from the spectral overlap between the absorption
and fluorescence spectra for the donor and acceptor
. pairs. The ancertainty in Ry was determined from
the errors in the calculation and measurements of

oot
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the absorption and fluorescence spectral overlap.,
This increases the minimum standard deviation of
the intensity versus time profiles fitting by about
5%.

SAMPLES

Laser-grade dyes from the Eastman Kodak Com-
pany were dissolved in ethylene glycol without fur-
ther purification. Binary mixtures of donors at

- 125%107°M and aceeptors at various concentra-
tions from 5X107°M to 3.13%107*M were
prepared. The average distance R between the
donor-acceptor molecules in these solutions varied
from 40 to 63.5 A. The mean distance R °? between
the donor-donor molecules is 68 A. The value of the
critical transfer distance R§* calculated from the
spectroscopic data of the fluorescence spectrum of
donors and the absorption spectrum of acceptors are
56+1.1A and 54+2 A for the pair of Rhodamine-
6G—Oxazine-4  perchlorate (Rh6G-Ox)  and
Rhodamine-B—Nile Blue A perchlorate (RhB-NB),
respectively. The solutions were contained in a 1- or
2-mm optical path cuvette, The ratio of absorption
cross sections B at-A =530 nm for Rhodamine-6G to
that of Oxazine-4 perchlorate, and Rhodamine-B to
that of Nile Blue A perchlorate were measured to be
22 and 17.5, respectively, At these high absorption
ratios, there will be very little direct pumping of the
acceptor by the laser.

FLUORESCENCE OF Rh6G AND OXAZINE 4
Rh6G Ox4

Nea=5650A  N4:=64504
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FIG. 3. Experimental measurement of the fluorescence spectra from 540 to 690 nm for Rhodamine-6G (the donor) at a
* concentration of 1.25% {0~°M and Oxazine-4 perchlorate {the acceptor) at various concentrations in ethylene glycol, Peak
intensity of Rh6G and Ox4 occurs at 565 and 650 nm, respectively. Acceptor concentrations of Oxd: (1) 11073 (2)
SX107°M; (31 2.5 X 107°M; (4) 1.25X 10734; (5) 6.25 X 10241,
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FIG. 4. Experimental measurement of the fluorescence spectra from 550 to 690 nm for Rhodamine-B (the donor) at &
concentration of 1.25X 10~°M and Nile Blue A perchlorate {the acceptor} at various concentrations in ethylene glycol.

Peak intensity of RhB and NB occurs at 588 and 670 nm, re

(3)2.5% lO‘JM;’(4) L25X 1073M; (5) 6.25X 1030,

EXPERIMENTAL RESULTS

The experimental results are divided into two sub-
sections: {l) Steady-state measurements and (2)
time-resolved measurements.

Steady-state measurements

The fluorescence spectra of solutions composed of
Rhodamine-6G (the donor) at a fixed concentration
1.25X 107°M, mixed with Oxazine-4 perchlorate in
ethylene glycol at different concentrations are shown
in Fig. 3. The results of the binary mixed solution
of Rhodamine-B and Nile Blue A perchlorate are
shown in Fig. 4, From data displayed in Figs. 3 and
4 it is clear that when the concentration of the ac-

spectively. NB concenteations: (1) 1X10=2M; (2) §x 10~M;

ceptors is increased there is a decrease of the fluores-
cence yield of the donors and a corresponding in-
crease in the flucrescence yield of the acceptors. We
have observed an increase in the fluorescence inten-
sity and quantum yield of the acceptors in the pres-
ence of the donor malecules in the binary solution.
This is expected if long-range energy transfer from
the donors to acceptors is operative,

Time-reselved measurements

Representative time-resolved fluorescence profiles
of the donor and acceptor molecules in binary mix-
tures of Rh6G-Ox and RhB-NB are shown in Figs.
5 and 6, respectively. The theoretical fitting of the
profiles by equations in Ref, 24 to the experimental

TABLE I, Energy-transfer efficiency between the donor (RhéG) and the acceptor {Ox4} in
different concentration solutions. Symbols refer to Fig. 11.

Energy-transfer efficiency {y;)

Concentration Experiment Calculated by Calculated by

Cp=1.25x10"'M result, O Eq. (1), ® Eq. (2), A
C4 _ (%) (%) %)
INIXI0*M 16.4+3 16.5 30
6.25 107 *M 27.2+43 3.0 . 39
1L25%107°M 47.7+6 520 53
25 x10-3M 72.0+7 68.0 - 71
50 x10~'M 81.5%9 88.0 87
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FIG. 5. Experimenial measurement of time-resolved
fluorescence  profile of fa) Rhodamine-6G (530
nm <A <600 nm) and (b} Oxazine-4 (A > 660 nm) at a
concentration of 1.25x 10~*M mixed with Oxazine-4 per-
chlorate at 6,25 107*M in ethylene glycol. Filters used

are Comning 3-67 and Cyan Dichroic filters. Measure- -

ment is fitted by a solid line. Parameters used to fit the
data are the system rise time of 80 ps, the critical distance
Ro=35 A, the absorption ratio B=22, the fluorescence
decay time 1.82 ns for Rh6G, and flucrescence decay time
of 1.5 ns for neat Ox4 at the respective concentration.

data in Figs. 5 and 6 are shown by the solid lines,
The fitting is excelient. The parameters Ry used in
the fittings are 551 A and 48+2 A for the pairs
Rhé6G and Ox4 and RhB and NB, respectively.

The rise time of fluorescence of Rhodamine-6G is
too fast to be resolved?’ [see Fig. 7(a)]. Basically,
the observed “rise time” of the time-resolved
fluorescence profile of the donor reflects the system
response function of the detection system on the
3.1-ns time scale. The slope of the beginning por-
tion of the time-resolved fluorescence profile of
donors mixed with various concentrations of aceep-
tors appears steep. This means that the donor in the
different acceptor concentrations has a similar ten-
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FIG. 6. Experimental measurement of fluorescence
profiles of (2} Rhodamine-B (530 nm <A <620 nm) and
(b) Nile Blue A perchlorate (A > 680 nm) at a concentra-
tion of 1.25 10" °M mixed with Nile Blue A perchlorate
at concentrations 3.13 107*M in ethylene glycol. Filters
used are a Corning 3-67 and a Ditric short pass filter at
620 nm. Measurements are fitted by a solid line. Param-
eters used to fit the data are the system rise time of 80 ps,
the critical distance R,=48 A, the absorption ratio
B=117.5, the fluorescence decay time 1.62 ns for RhB, and
fluorescence decay times of 0.77 ns for neat Nile Blue A
perchlorate.

dency to be pumped by the laser. The reason that
the peak of fluorescence profile of the donors shifts
alittle in the mixtures with diluted concentrations
of acceptors is because of the longer decay time of
donor occurring in these cases. :

The decay time is defined as the time period be.
tween the peak intensity and its 1/e value. In Fig.
7(b), the decay times for the fluorescence profile of
Rk6G (donor) in the solution with different concen-
trations of acceptors are found to decrease as the
concentration of Ox4 (acceptor) increases. This de-
crease occurs because there is more energy
transferred to the acceptor molecules surrounding
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FIG. 7. Qbserved rise time of the donor (Rh6G) at
1.25x 10~"A mixed with various concentrations of accep-
tor (Ox4). This rise time only reflects the system response
time {~80 ps on the 3.1 time scale). (b) O: Experimental
measurement of decay time {1/¢ time} of fluorescence
profile of Rhodamine-6G at a concentration of
1.25X 107°M mixed with Oxazine-4 percholate at dif-
ferent concentrations from 3.13%107*M to 5X107*M in
ethylene giycol. @: Decay time deduced from the theoret-
ical fitting curves,

the donor molecule. At the higher concentration,
the average distance between molecules becomes
shorter and below R4, Therefore, there is more ef-
ficient' long-range energy transfer, This causes a
faster decay of the excited electronic state of donor
molecules. The time separation between the peak in-
tensity and the starting point of the fluorescence
profile of the acceptors becomes much longer than
that in the neat solution of acceptors. In Fig. 8(a),
the rise time of the peak intensity of the fluores-
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FIG. 8. O: Experimental measurement of time separa-
tion between the peak intensity and starting point of the
fluorescence profile of Oxazine-4 perchiorate at different
concentrations from 3.13%107°M to 5X1073M mixed
with Rhodamine-6G at a concentration of 1.25% 10734,
®: Time separation between the peak intensity and start-
ing point of the theoretical fitting curve, (b) 0: Experi-
mental measurement of decay time of fluorescence pro-
files of Oxazine-4 perchlorate at different concentrations
from  3.13X107°M to 5X1073M mixed with
Rhodamine-6G at a concentration of 1.25x10~*M in

ethylene glycol. @: Decay time deduced from the theoret-
ical curves,

cence profile of Ox4 (acceptor) is more than 400 ps
in the mixed -solution, which is much longer than
the rise time of Ox4 in the neat solution of 80 ps
(the response time). The time separation of peak in-
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FIG. 9. (a} Observed rise time of the donor {RhB) at

L.25X107*M mixed with various concentrations of the .

acceptor (NB). This rise time reflects the system response
time (~80 psh, (b) O: Experimental measurentent of de-
cay time {l/e time) of fluorescence profile of RhB at a
cancentration of 1.25%107°M mixed with NB at dif-
ferent concentrations from-3.13X 10=*M to 5 10341 in
ethylene glycol.

tensity of the fluorescence profile of the acceptor
has a tendency to become even longer in the diluted
concentration of acceptors. This arises from reduc-
tion in the energy transfer from the donor to the ac-
ceptor in the diluted case of acceptor in comparison
to a faster long-range energy transfer in the concen-
trated case of acceptor, Overall, the decay time (1/¢
time) of the fluorescence profile of Ox4 {acceptor) in
the binary mixture is longer than that of Ox4 (1.5
ns} in the neat solution. This is shown in Fig. 8(b).
The increased decay time occurs because the donor
acts as an energy source which pumps the acceptor
molecules causing them to emit longer. According

Rise time of accaptor
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{ps} NB  C,: Change
asof ‘?~\\§
400} ) b,
3s0l- e
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250F (q)
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sool {b)
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cN8 ia®m

FIG. 10. (a) 0: Experimental measurement of time
separation of the peak intensity of the fluorescence profile
of NB at different concentrations from 3.13x10~* to
5%107°M mixed with RhB at a concentration of
1.25X10~°M. ®: Time separation of the peak intensity of
the theoretical fitting curves, (b) O: Experimental mea-
surement of the decay time of the fluorescence profiles of
NB at different concentrations from 3.13% 10-*M to
5xX107'M mixed with RhB at a concentration of
1.25%107*M in ethylene glycol. ®: Decay time deduced
from the theoretical curves.

to concentration quenching, the decay time de-
creases as the concentration increases. Similar re-
sults are shown in Figs, 9 and 10 for the binary mix-'
ture of Rhodamine-B and Nile Blue A perchlorate,
The efficiency of long-range energy transfer deter-
mined by Egs. (1) and (2) are displayed in Tables [
and II for Rhodamine-6G—Oxazine-4 perchlorate
and Rhodamine-B—Nile Blue A perchlorate, respec-
tively. The experimental results of the energy-
transfer efficiency are also included in Tables I and
Il for Rh6G-Ox4 and RhB-NB, respectively. These
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TABLE II. Energy-transfer efficiency between the donor (RhB) and the acceptor (NB) in
different concentration solutions, Symbols refer to Fig, 12.

Energy-transfer efficiency {ng)

Concentration Experiment Calculated by Calculated by
Co=1.2x10"°M result, O Eq. (1), ® Eq. (2), A

Cy (%) (%) (%)

L3x107% 1514 14.7 15.7

6.25x 107\ 2041 24.6 216

1.25x 107°M 41+5 40.4 33.1

2.5 x10~M 6414 61.2 522

5.0 X107 8146 80.98 75.4

“

values are plotted in Figs, 11 and 12, We find that
the theoretical model we developed (Eq. (1}] is in

better agreement with the experimental data than

those obtained from the Forster version given by Eq.
(2) for an average energy-transfer distance due to the
Forster mechanism, .
The value of 3" in the pair of Rh6G-Ox4 (55 A)
is larger than that of the pair of RhB-NB (48 A),
Accordingly, the estimation of 75 by Eq. (2) is a lit-
tle larger in the diluted concentration case of accep-
tor for the pair of Rh6G-0x4 and is a little smailer
in the concentrated concentration case of acceptor
for the pair RhB-NB. If we define R, to be the crit-
ical distance at which there is 50% efficiency of en-
ergy transfer by Eq. (2), then the values of Rf)):‘
evaluated from Figs. 1 and 12 are 54.1 and 49.5 A
for Rh6G-Ox4 and RhB-NB, respectively, These

e, « Cotculated by Eq.(1)
og- §E:perimm rasult
5 90 & Colculated by £q.[2)
z 8O- Donor: RhBG %
§ 70l Co=1.25X10°% M §
[T
W oenl
® A
& 50t §
(2]
-é 40 A
= .
| 30F L) §
2
£ 20F §
Wi
& lof
1 1 L 1 (]
0313 0625 125 250 500
Ca (1073 M)

FI1G. 11. ©: Experimental measurements of the effi-
ciency of long-range energy transfer for Rh6G and Ox4 in
different concentrations, ®: Theoretical calculations of
the efficiency of energy transfer by Eq, (1), A: Theoreti-
cal estimations of the efficiency of energy transfer by Eq.
(2.

values are close to the values of R, obtained from
curve fitting, which are 55 and 48 A, respectively.

DISCUSSION

The steady-state fluorescence spectra of the binary
mixture solution of the donor at a fixed concentra-
tion and acceptors at various concentrations were
measured. The picosecond time-resolved fluores-
cence profiles for donor and acceptor molecules
were measured by a picosecond laser pulse excitation
and streak camera detection system. The rise times
and decay time of the donor and acceptor molecuies
were determined for the different mixtures. A com-
parison of these times from calculated values fits
well for different concentrations of acceptors. The
energy-transfer efficiency was measured and calcu-

e
% + Calculated by Eq.{!)
100 § Experiment resutt
20F a Coleulated by Fq.(2)
§ 80 OonorsRh B §
§ 70k Corl.25X10°M 3
& sof .
& sof
bl i
a
"I‘ 30+
%- 20} 5 ¢
2 10
w
I L i |} 1 1
0313 0625 125 250 500
Ca (10°M)

FIG. 12. 0O: Experimental measurement of the effi-
ciency of long-range energy transfer for RhB and NB in
different concentrations. @: Theoretical calculation of
the efficiency of energy transfer by Eq. (1), A: Theoreti-
cal estimation of efficiency of energy transfer by Eq. (2.
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lated. The data are in excellent agreement with our
theory for the spatial average over the distance be-
tween acceptor and donor molecules in the theoreti-
cal expressions given for D(r), A1), and n;. We
found that the higher efficiency of energy transfer
occurs when the donor and acceptor molecules be-
come close enough so that R < R, Physically,
 this is due to the stronger long-range interaction be-
tween the donor and acceptor molecules in the
higher concentration cases. In addition, efficient en-
ergy transfer occurs when there is more overlapping
of the emission spectrum of the donor and the ab-

sorption spectrum of the acceptor. The theoretical .

fitting parameters Ry for each case are the same
values used in the previous paper.* The theoretical
model presented in the previous paper® [Egs. (9)
and (11)] fits the data well for the various concentra-
tions. The concentration dependence in the spatial
average calculation is involved in the argument of
the exponentiat term in Eq. {1). Thus, the etficiency
of transfer calulated by Eq, (1) is more accurate and
closer to real value than Eq. {2). However, in Eq. (2)
the concentration dependence is given by the mean
distance R between the molecules.

To check the possibility of a long-range energy
transfer between donors,!® a solution, in the condi-
tion for which the donor-donor transfer dominates
over donor-acceptor transfer, was prepared with a
high concentration of the Rh6G {donor} at
5% 107°M mixed with a low concentration of the
Ox4 tacceptor) at 1.25X 107°M. The Ox4 acceptor
was supposed to probe the D-D transfer. Unfor-
tumately, the fluorescence of the acceptor was so
weak that no signal was detected at all. The fluores-
cence of donor in the binary mixture solution in this

case is similar to that in the neat solution at the -

same concentration 5% 1073M. As we pointed out
in the previous paper,?® we chose the pair of donor
and acceptor to enhance the long-range energy
transfer and to reduce the possibility of D-D transfer
to a negligible value. Since the absorption of laser
beam by the donor molecule is large and the critical
transfer distance R for a donor-acceptor pair is

larger than critical distance R{? for a donor-donor
pair and R§® < R°?, we conclude that the donor-
donor energy transfer is negligible in samples in our
study. Furthermore, these samples are excellent for
the study of long-range energy transfer between
donor-acceptor binary systems. Our theoretical
model is in excellent agreement with the experimen- |
tal measurements both qualitatively and quantita-
tively,

SUMMARY

We have completed a detailed study of the energy
transfer between donor and acceptor systems via the

. Forster dipole-dipole interaction. Extension of our

previous research® to a concentration dependence
has confirmed our previous theory and has given us
a more detailed description of energy loss of the
donor with a strong or weak interaction with accep-
tors at different concentrations. We not only found
a decrease of the relaxation decay time of the
donors, but also observed a decrease in rise time of
the acceptors in the presence of an increase of con-
centration of aeceptors. Both indicate energy
transfer. An important point to note is that the rise
time of the acceptor does not match the decay time
of the donor. Qur theory fits the rise and decay
time data well. This is the first study to measure
the efficiency of energy transfer and present theoret-
ical calculations for both donor and acceptors, Dif-
fusion effects on the energy-transfer mechanism is
under study at different viscosities and will be pub-
lished in the near future.
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