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Abstract

ENERGY TRANSFER BETWEEN DYE MOLECULES INVESTIGATED
BY STEADY STATE AND TIME RESOLVED SPECTROSCOPY
by
Poyang Lu

Aviser: Professor Robert R. Alfano

The kinetics of long range resonant energy transfer
between photoexcited dye molecules (the donor) and unexcited
dye molecules (the acceptor) has been studied with the goal
to understand the fundamental processes behind long range
resonant energy transfer, to search for the possible
mechanisms during the energy transfer, and to find out the
factors which parameters affect the energy transfer between
the donor and acceptcr molecules.

A theoretical model based on the dipole-dipole
interaction was established to explain the dynamics of
energy transfer between the donor and acceptor dye molecules
and fit the kinetic fluorescence profiles of donor and
acceptor emission. The measurements by the techniques of
steady state and time-resolved fluorescence spectroscopy
were performed for the binary mixtures (A) Rhodamine 6G (the
donor) and Oxazine 4 Perchlorate (the acceptor), and (B)

Rhodamine B (the donor) and Nile Blue A Perchlorate
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(the acceptor). It is found that: (1) Not only was the
donor decay time short but also the acceptor risetime slowed
in the mixed solution. (2) The relative decrease of donor
quantum yield followed the increase of quantum yield of
acceptor when the energy transfer is operative. (3) The
decrease of donor decay time followed the increase of the
risetime of the acceptor as the concentration of acceptor
increased for a given concentration of donor at room
temperature. (4) The long range energy transfer rate
increases as the concentration of acceptor and the energy
deactivation efficiency increases as the diffusion
coefficient increases.

From the thesis research, the long range energy transfer
via dipole-dipole interaction plays a dominant role in the
mechanism of energy transfer between donor and acceptor
binary system (R ~- 503) and the diffusion of molecule helps
in moving the donors and acceptors so that energy can be
transferred more readily. The efficiency of energy transfer
can be increased from 49% to 69% when the contribution of
diffusion varies from 1% to 38%. Factors such as the
typical transfer distance Ro' the concentration and the
decay times of donor and acceptor molecules, are important
parameters which affect the efficiency and operation of

energy transfer.
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CHAPTER 1 INTRODUCTION

The study of the energy transfer between donor and
acceptor dye molecules in solution has both theoretical and
practical importance. Dyes play a major role in various
fields. They are commonly 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 absorbing energy in
a wide spectral region. It ic important to understand the
mechanisms for energy losses and transfer in neat and binary
dye mixtures in solution. P series of e)q::er:‘unent:sl'11 on
dye mixture have shown that the excitation energy may be
efficiently transferred from a photoexcited molecule (the
donor) to an urdexcited molecule (the acceptor). Dye lasers
have been widely used in spectroscopic systems for photo-
synthesis and photochemistry studies, BEnergy transfer from
an absorber (donor) molecule to an acceptor molecule in a
dye laser mixture affects the operation and spectral output
of the dye laser. The mixture of two dissimilar dye
molecules, for example, rhodamine 6G and cresyl viclet, can
increase the efficiency of a dye laser of cresyl violet,

3 have studied the excitation transfer in a

Lin and Dienes
laser dye mixture of rhodamine 6G and cresyl violet by
studying the fluorescence kinetics of only the donor
molecules. They found a Stern-Volmer gquenching relation for

the donor system. Rehm and Eisentha}.4 have studied the



donor kinetics and found that the energy transfer between
the rhodamine 6G (the donor) and malachite green (the accep-

12

tor) is in agreement with the Forster theory. Porter

11 studied the same system of rhodamine 6 G

and Tredvell
and malachite green and obtained a value of R = 52.5 A +
0.5 A for the Forster mechanism. Recently, Millar, Robbins,
and Zewaill3 have investigated the picosecond dynamics of
electronic energy transfer between the cresyl violet (the
donor) and azulene (the acceptor) dissolved in ethylene
glycol and concluded that the Forster dipole-dipole model is
valid for that system. However, these investigatorsl'11
have only studied the kinetics of the donor system to obtain
information on the energy-transfer rates to the acceptor.
These measurements do not give a complete picture of energy
transfer to the acceptor because of competing nonradiative
and radiative rates and concentration quenching from the
donor and acceptor, and spatial distribution. 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 order to understand the long range energy transfer
process between the donor and acceptor molecules, the
following research programs were undertaken:

(1) The steady state measurement of absorption and

fluorescence spectra of two kinds of dyes to determine



the critical energy transfer distance parameter Ro and

to decide appropriate donor and acceptor dye for our

research.

(2) The time-resolved fluorescence measurement of neat and
mixed solution of donor and acceptor to determine the
change of the rise and decay time of each component in
the process of energy transfer.

(3) The concentration dependence of the energy transfer
between donor and acceptor to determine the change of
decay and rise time of donor and acceptor during the
energy transfer process and to find out the efficiency
of the energy transfer in strong and weak interaction.

(4) The diffusion effect on the energy transfer between
donor and acceptor molecules by varying the temperature,
The theoretical calculations are consistent with the

experimental results which was found by curve fitting in

all the above research programs.

The dissertation is divided into seven chapters.
Chapter 2 describes the experimental setup including the
laser system, detection system, and data storage and
analysis system. The generation of single pulse selection,
and second harmonic generation of the laser pulses will be
discussed for the Nd:phosphate oscillator - amplifier glass
laser system. The streak camera with white cell delay unit
will be covered in the detection system. The digitized data

for time-resolved fluorescence stored in the DEC Minc 11



minicomputer are analyzed by the scientific programs.
Chapter 3 presents the theoretical model we used to explain
and fit our measurements of steady state and time-

resolved fluorescence spectroscopy of the neat and binary
mixed dyes in the study of long range energy transfer. A
detailed derivation of the theoretical equations and
computer simulation of the model are covered in this
chapter. Chapter 4 through Chapter 6 presents the results,
analyses, comparisons, and discussions for the pair of
Xanthane dye mixed with Oxazine dye. Specifically, the
fluorescence and abscrption spectra and the theoretical
fitting to the time-resolved fluorescenc; of the donor and
acceptor are included in Chapter 4. The concentration
dependence of the lonor-acceptor binary system and
efficiency of long range energy transfer are presented in
Chapter 5. The diffusion effect on the long range energy
transfer at different temperatures is discussed in Chapter 6.
Chapter 7 gives the summary and conclusion of this
investigation and suggests a further research which can be

performed. The computer program used in the calculation and

curve fitting are included in the appendix.
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CHAPTER 2 EXPERIMENTAL TECHNIQUES

In this chapter, the experimental setup and techniques
will be discussed in detail. The principle of generation of
laser train in the laser resonator (cavity), the action of
mode locking, the technique of single pulse selection and
second harmonic generation, and amplifier system are
described sequentially. The streak camera and computer

system will be included in the latter part.

2.1 Steady State (Time Integrated) Absorption and Fluores-

cence Setup

The absorption and fluorescence spectra of dye molecules
can be measured using a steady state luminescence apparatus
shown in figure 2.1.1.

Light from lamps and monochromator at 530 nm + 5 nm was
chopped and focussed onto the sample. The fluorescence
signal from the sample was focussed onto the Spex double 1/2
m spectrometer, detected by a RCA 7265 photomultiplier and
measured by a lock-in amplifier combination. The fluores-
cence spectrum is recorded on an X-Y recorder. For a given
wavelength of pumping light, the transmission light through
the sample is converted to optical density (OD) and absorp-
tion coefficient. Varying the wavelength of the pumping
light, the steady state absorption spectrum can be obtained.

2.2 Time Resolved Experimental Setup
1

The experimental setup” used in picosecond time
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resolved studies in figure 2.2.1. It was composed of a
laser system with single pulse selection, second harmonic
generation, and amplifier; a detection system; and a data
storage and analysis system, They are described separately
in the following sections.

2.2.1 The Nd:glass Laser System

The single intense picosecond laser pulse at 1.054 _Um
can be generated by a glass mode-locked oscillator, a single
pulse selection, and an amplifier. Two types of laser rods
are available - Nd:doped silicate and phosphate rods. The
phosphate glass has a larger gain coefficient and lower
nonlinear index n, than the silicate glass by at least a
factor of 1.4 and 1.1. The Nd:glass laser is a 4 level
laser system. The energy diagram of Nd:glass laser is shown
in figure 2.2.2. The lasing action occurs by the stimulated
emission of radiation between level 2 and 1 after the
population inverse is achieved. The typical wavelength of
Nd:glass laser is 1.06 44m. 1In order to obtain the
population inverse for the lasing material and a stable
oscillator for amplification, the Nd:phosphate glass laser
used in our experiments then consists of a laser rod within
an optical resonator cavity formed by two mirrors aligned
parallel to each other, and perpendicular to the axis of the
resonator, as shown in fig. 2.2.3. The (Q-88 glass laser
rod with 3.3% Nd doping was used for the oscillator. The

laser rod was 7 1/2 inches long with a diameter of 1/2 inch,
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optically polished and cut at Brewster-Brewster angles to
reduce multi-cavity resonances, and mounted in a Korad K-1
laser head. 1Inside the laser head, there is a S-inch Xenon
flash lamp surrounded by the liquid cooled enclosure. The
laser head was temperature regulated at 22°cC + 1/2%

with 50-50 ethylene glycol-water mixture by a Neslab HX-50
cooler. The flow rate of the cooling fluid is 7 gal/min and
the pressure to have such a flow rate is about 7 psi. The
distilled and deionized water was added in the cooling fluid
maintaining a low ionic concentration to prevent the shorting
of the electrodes in the laser head. The flash lamp is
fired by discharging a 400 Mf capacitor with a voltage of
2.5 KV supplied by the 5 KV Korad K-1 power supply. The
pumping energy is about 1250 joules and the firing rate is
about once per minute.

The rear mirror of the stable optical resonator cavity
is wedged (1/2°) and curved at 5 m with 100% reflection at
1.054 um. The output mirror is a wedged (1/2°) flat
mirror with a 50% reflection at 1.054 #m. Both front and
output dielectric coated mirrors were purchased from the
laser Energy Company and mounted in lasing mounts with
micrometer position adjustment in two dimensions.

2.2.2 Mode-locked laser Train

The laser output from the optical resonator usually con-
sists of multimodes without good correlation. 1In order to

have a high power output with all the modes coupled togeth-

-12-



er2'4, a passive mode locked design using the saturable

dye absorber for Q-switch and mode-locking is Kodak dye A
9860 (Eastman Co.) dissolved in l,2-dichloroetbane (Eastman
.) to a transmission from 65 to 70% at 1.054 m. The dye
solution has a recovery time ~ 10 ps which is faster than
the laser cavity round trip time (=2L/c=7.2 ns). The trans-
mission characteristic of this dye is nonlinear and qualita-
tively shown in fig, 2.2.4. 1In other words, the saturable
absorber dye has the following characteristics: (a) there is
a strong absorption at the laser wavelength 1.054 4m, (b) the
recovery time after each absorption of light by the dye is
much smaller than the round trip time 2L/C, and (c) the
absorption coefficient tends to be zero when the intensity
of light exceeds a certain value Is. The light generated
inside the cavity by the fluorescence emission of lasing
medium initially consists of a random noiselike signal with
amplitude and phase fluctuation. With the properties of
saturable absorber dye, the small light signal will be
filtered (absorbed) by the dye because its small intensity.
The short pulse of a given mode is built up out of these
random fluorescence light signals by bleaching the saturable
absorber dye and reflected by front and rear mirrors. Then,
the one with the largest intensity in the initial
fluorescence emission is selected out and amplified by
reflecting back and forth through the lasing medium inside

the cavity.

-13-
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This is exactly the same meaning of high Q gain in the
resonator (laser cavity) in the sense of engineering. As
the high intensity light signal bounces back and forth in
the cavity, the saturable absorber dye acts an optical
shutter, opening and closing at a frequency equal to the
difference in frequency of two adjacent modes (C/2L). Tﬁ;s,
the saturable absorber dye acts as a modulator. Each mode
is modulated at the inter-mode frequency (C/2L) and extends
to side bands of both the preceding and subsequent modes
with frequency difference KC/2L. Through this action, the
adjacent oscillating modes inside the cavity interfere and
couple together in such a way that the phase relationship
among the oscillating modes is definite. When the phase
difference of two adjacent modes is fixed, the total electric
field of laser beam is equal to the sum of electric field of
every mode and shown in the following:
iltwyskaw)t + kot (2.2.1)

E(t)= 23 E. €
ke -§

cwt 3 e.‘k(awt +o)

=g, "2
Ke-g
= Sin[zl(Ak)ti-d)J Eoe‘.w"t
3.‘n[—2'-(au.\t+d)]
rw,
=Awt)e t

sin (& (oWt + )]
S [ (AWt + )]

Alt) =
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where ‘P“, - '4‘.‘ s«
V’R = initial phase of kth mode
C
Aw « 2T (£
(35)
W =W, ot k
o " Oscillation frequency of center mode
N = total number of oscillation mode inside the cavity
The relationship of E(t) versus time is shown in figure
2.2.5(a) for N=5, The intensity output from the cavity I(t)
is proportional to Az(t) and shown in figure 2.2.5(b).
The peak power output is then expressed in equation (2.2.2)
2.2

P -NEO

2 -
b = N(NEJ) = NP (2.2.2)

where Po = ng = total power output of N modes
without mode locking.

The saturable absorber dye indeed acts as a Q-switch and
mode-locking dye for the laser pulse. This dye is also used
to absorb the small intensity "wings® preferentially when an
intense pulse bleaches the dye. After hundreds of passes
through the saturable absorber dye and amplified by the
laser medium in the cavity, the mode-locked pulse becomes
more intense and sharpened (narrower pulse width). Upon
reflecting on the output mirror, about 50% of the energy of
pulse escapes through the mirror and forms one of the

periodic picosecond mode locked high intense laser pulse

train. Because the recovery time of the saturable absorber

-16-
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-17-



is so short that it recovers very fast after it mode locked
for one pulse in the train and be ready for mode-locking for
the other successive pulses, The time separation between
pulses in the train is about 7.2 ns (2 L/C). The developing
process of passive mode-locking for the power output in time
and frequency domain is shown in fig. 2.2.6(a) and (b). .

The laser pulse train was detected by a Hadron 105C
(Hadron Division of ITT) photodiode with S-1 photodiode with
S-1 photodetector surface operated at 2.0 kv. The output of
the photodiode for the pulse train was displayed on a
Tektronix 519 (Beaverton, Oregon) oscilloscope with 1 GHZ
bandwidth, and plLotographed by a high speed camera with
manual control of shutter. The picture of the detected
pulse train is shown in fig. 2.2.7.

The typical train consists of about 100 pulses and the
energy of the train at 1.054 m is 300 mJ measured by an
energy meter.

In short, the mode-locked high intense pulse train was
generated with a time separation, T = 2 L/C, between two
adjacent pulses. Each pulse width, 4T= 2—'—- is the reciprocal
of frequency width of gain curve of the Nd:glass laser. The
peak power of one of the mode-locked pulses is N times
larger than the total power of N modes without mode-locking
as shown in equation (2.2.2). The pulse width was measured

by two photon fluorescence technique (TPF) and will be

-18~
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described in detail in the next section. The pulse width
was found to be 6 ps and the power of each pulse is estima-

9 watts.

ted to be 10

It is remarked that the position of the dye cell in the
laser cavity is important to get rid of creation of
satellite pulses. Satellite pulses can arise when a weak
pulse oscillates in the cavity but not strong enough to
bleach the dye, passes through the dye cell at the same time
when a strong bleaching pulse traveling in the opposite
direction. The dye cell may be placed in contact with the
rear mirror or is made wider to absorb completely the weaker
pulse as it passes through the dye cell. A 1 cm long dye
cell with Kodak A 9860 dissolved in 1,2-dichloroethane is
suggested to be used to entirely absorb a weak 10 ps pulse
since its optical path length is greater than 30 ps. The
surface of the dye cell is oriented at the Brewster angle to
cavity axis to assure a good polarization of laser pulses
output and avoid reflection loss.

It is also remarked that the pumping voltage from the
k-1 power supply is set about 10 v to 30 v above the
threshold voltage for laser action. This was recommended
for a single reproducible train without satellite pulses and
multiple trains, The fluctuation of amplitude from shot to
shot is about 10%., When the pumping voltage is too high,
the distinquishability of two pulse train by the mode-

locking dye is not good enough for the double trains to be

-22-



build up in the cavity. When the pumping voltage is too
close to the threshold voltage, the pulse train occasionally
fails to be built up.

With these techniques and criteria, the pulse train with
longitudinal mode-locking and lowest transverse mode
(uniform burn pattern of photo film without hot spot by
pulse train) was generated by Nd:phosphate glass laser
system.

2.3 Ssingle Pulse Selection and Two Photon Fluorescence

In this section, the principle and technique of single
pulse selection and measurement of pulse duration (width) by
two photon fluorescence will be discussed.

A schematic diagram of the experimental apparatus is
shown in Fig. 2.3.1. The single pulse can be selected from
the train by a pair of cross polarizers sandwiched with a
Pockell cell (Lasermetrics Co., Teaneck, N.J.) in between
and connected to a spark gap. The spark gap is filled with
Nitrogen gas at a pressure of 80 psi and connected to the
high voltage power supply (16 kv) through a 10 M2 resistor
by a double sheathed cable (3 ft), which forms the trans-
mission lines from the electrode of the spark gap. The
output of the Pockells cell was dumped into a 50 N resistor
through a 15 ft long cable to eliminate the high voltage
pulse reflection from returning to the Pockell cell. A 4 cm
focal length cylindrical lens was used to focus the laser

pulses into the spark gap. The 16 kv, 5 ns voltage pulse

-23-
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can be performed by the 10 MN resistor and 3 ft, 50 N2
double sheathed cable. The first polarizer is polarized
along the direction of polarization of the output laser
train at 1.054 um from the cavity. The second polarizer is
a dielectric type prism. When the first few pulses pass
through the first polarizer and Pockells cell and is reflect-
ed by the second polarizing prism and focused into the spark
gap, the Nitrogen gas in the spark gap is ionized by the
first few laser pulses and the avalanche breakdown across
the electrode appears to form a conductive path for the
preformed high voltage pulse (16 kv). Because of the
impedance matching between two ports of the cable, a high
voltage pulse 8 kv, 5 ns is then applied to the Pockells
cell. The axes of the index ellipsoid of refraction of the
crystal (KDP) inside the Pockells cell are rotated because
of the nonlinear electro-optical effect. The polarization
of the next subsequent incoming laser pulse just after the
first few pulses is then rotated to match the polarization
direction of the second prism polarizer and escape through
it. Since the high voltage (8 kv) acting on the Pockells
cell lasts for about 5 ns, there is not a long enough time
period to have another single pulse being transmitted.
Actually, the time separation between two adjacent single
pulses is about 7 ns, which is longer than the time period
for the Pockells cell to be functioning., Therefore, we have

only one single pulse selected from the pulse train. The
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rest of the pulse train are all rejected by the second prism
polarizer and detected by a Hadron 105-C, S-1 photodiode.
The rejected pulse train in the output from the photodiode
was displayed on a Tektronix 519 oscilloscope with a sweep
speed of 5 ns/cm. The photo-picture for the rejected train
is shown in Pig, 2.3.2,

The selection of single pulse is better than 80%., Using
the selected single pulse, a two photon fluorescence (TPF)

t:echniques"6

was applied to measure the pulse duration.

The schematic diagram of TPF was shown in Fig. 2.3.3. The
TPP technique requires a superposition of the pulse
propagating in one direction and its own reflection, TPF is
a second order nonlinear optical effect.

A beam splitter with 50% transmission is used to
separate the selected single pulse into two equal portions
with the same optical path from the beam splitter to the
center of the rectangular cell containing rhodamine 6G in
ethanol at 107> M, 1In front of the glass cell, a camera
with a magnification of unity was ready to take the picture
of two photon fluorescence light. 1Ideally, the signal to
noise ratio of the two photon fluorescence intensity is 3:1
for a pulse with Gaussian form in time dependence. Our
measurement s gave 2:1 for multi-transverse modes. From the
width of the yellow bright spot (shown in Fig. 2.3.4) of the
fluorescence of rhodamine 6G by absorption of two photons of

1.054‘#m, the pulse width, which is usually defined as the

full width of half maximum power, is found to be 6 ps.
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Fig. 2.3.2 (a) The picosecond laser pulse train with
one pulse selected
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Fig. 2.3.2 (b} The selected laser pulse
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Fig. 2.3.3 Schematic diagram of the setup of two photon
fluorescence measurement
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Fig. 2.3.4 The photographic picture of two photon
fluorescence.

s Te = nd = I.SSQ_C_J__

=z T C 2 ¢

=6*o3ps
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2.4 Second Harmonic Generation

In studying the excitation - fluorescence kinetics of
dyes or semiconductors, energy difference between the ground
and excited states (band) exceeds the photon enerqgy of infra-
red 1.054 Am. Therefore, a generation of shorter wavelength
with higher energy photon laser pulse is necessary. The
pulses at 527 nm can be obtained by second harmonic genera-

tion’™?

of 1.054 am pulses by passing the 1.054 .um beam
through a KDP (Potassium Dihydrogen Phosphate) crystal.
When properly phase matched, a maximum of 10% power conver-
sion from 1.054 Mm to 527 nm is obtained. The pulse width
of 527 nm is af;-shorter than that of 1.054 Mm and becomes
4 ps. The third harmonic or fourth harmonic generation at
353 nm and 256 nm can be achieved by using an additional KDP
crystal after the first one. The power conversion of 353 nm
is about 1%,

The second harmonic generation is a nonlinear optical
effect. It is a 3-wave mixing phenomenon to generate a
photon at twice the fundamental frequency from two photons

at the fundamental frequency. The ratiolo

of power
conversion of second harmonic generation to the fundamental

pulse was written as

P M gt P sin' (255)
‘P_w— == €' 3 4" (ﬁk_‘:)‘ (2.4.1)
2

where w = fundamental frequency

-31-



2 w = second harmonic frequency
A = effective area of incident light beam at fundament-
al frequency
M = permeability of free space
€ = dielectric constant of free space
n = index of refraction of KDP crystal
L = optical path
Ak = k)‘w-k.‘\, ~ k:,
d = nonlinear susceptability tensor and
k“,' propagating vector in k direction for the light at
fundamental frequency

ls = propagating vector in j direction for the light at

second harmonic generation

=
Kw =

If the lights at the fundamental and second harmonic
frequency are propagating in the same direction, then

(2W) (w)
ak= p' 2wy _ 2 n (..cﬁ_)
Cc

2w (2 W) tw)
-~ [n -n ]

(2.4.2)
When k = 0, the maximum power conversion is obtained

by equation (2.4.1). 1In general, the index of refraction n

increases as frequency increases. FPor a negative uniaxial

crystal like KDP, the index of refraction ng for extra-
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ordinary light is smaller than that (no) of ordinary light
at a given frequency. So, it is possible to have an index
of refraction ng at second harmonic frequency equal to

n, at fundamental frequency, to obtain a phase matching
condition for maximum power conversion. 1In reality, the
relation between ne, no and angle between the

propagation direction and optical axis 9 is expressed as

[ _ cos?p N $in*@
- - 2 (2.4.3
hg (6) n% Ne ’
% (RW) o (w)
It is necessary to find an angle G so that, ne (9 )= no
11

to satisfy the phase matching condition. A technical method
to determine the B'was shown in Fig. 2.4.1.

At the phase matching angle 9' , the intensity of the
light at second harmonic frequency reaches its maximum and
the photographic picture shows a bright spot. While at an
angle slightly different from the phase matching angle, an
additional bright ring appears around the bright spot due to
the forward scattered light, which is shown in Fig. 2.4.2.

The polarization of light at fundamental frequency
(1.054 Mm) is perpendicular to the plane determined by the
propagating vector and the normal to incident plane. The
polarization of second harmonic light is perpendicular to
that of fundamental light.

Similar TPF technique can be used to measure the pulse
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Fig. 2.4.1 Schematic diagram of the technical method to
determine the phase matching angle @* in the
second harmonic generation



Fig. 2.4.2 Photographic picture of the phase matching angle
and its deviations
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duration of laser pulse at second harmonic frequency. The
dye solution is a super saturable solution of 7 diethylamino
4-methyl coumarin dissolved in ethanol.

2.5 Anplifier

In the previous sections, the mode-locked picosecond
single pulse at fundamental and second harmonic frequency
were discussed. 1In order to have higher power laser pulse,
an amplifier is added after the oscillator. The amplifier
rod was 10 inches long by a diameter of 3/4 inch, cut with
6°-6° wedges and mounted in a Korad K-2 laser head with
an 8 inch pumping length. This laser rod was still tempera-
ture regulated at 22 + 1/2o C with the same cooling
system as the oscillator. 1In order to increase the extinc-
tion ratio, a Kodak A9860 dye with 4 percent transmission at
1.054 44m was placed in the optical path before the amplifier
to improve the extinction ratio from 400:1 to 1000:1. The
energy measurement referring directly to the gain of the
amplifier was obtained by either using a Hadron thermopile
and a microvolt meter or a digitized energy meter. The
noise from the flashlamp and the laser pulse train leakage
through the cross polarizers was measured by blocking the
spark gap. Excluding this noise, the energy of the selected
pulse at 1.054 4{m was 3.5 mj. The output energy from a
single pass through the amplifier was 100 mj at a pumping
energy of 8.1 kj (9.0 kv). The gain was measured as a

function of flashlamp. The small signal gain coefficient
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was calculated with the parameters of input energy and effec-
tive pumping length. The results are tabulated in Table I.
The amplifier having a Q-88 phosphate glass rbd has a higher
amplification gain over the silicate rod by at least a
factor of 2. However, we found that the output face of the
phosphate amplifier rod is susceptible to damage at this
high pulse energy. Extra care is necessary to keep the
surface clean when performing experiments requiring intense

2

picosecond pulses with an energy density above 30 mJ/cm®.

2.6 Streak Camera System

2.6.1 Composition of Streak Camera

The new detection system using the streak camera is
successful in order to obtain a direct measurement of the
time resolved profile for single shot of excitation laser
pulse and extend the time range to 10 ns.

The streak camera was introduced to measure the pico-
second phenomena in the early 1970's by Bradley et al. and

Shelev et a1.12713

A schematic diagram of the streak tube
operation is shown in Fig. 2.6.1. The photoelectrons genera-
ted by light incident on the photocathode are accelerated by
an accelerating mesh and deflected by an applied voltage

ramp in time in the streak tube., Since the sweeping voltage
ramp decreases its voltage linearly in time, the
photoelectron being emitted at an earlier time will be
deflected a longer distance vertically. This is the basic

principle of the conversion of the time dependent to a space

dependent profile.

-37-



Gain anD Gars Coerricient som an Inret Exercy E, = 3.5 mJ) anp
Pumrine Linern 2032 cm.

Pumping Nashlamp energy Measured snergy gain G Calculated gain coeff.
a tcm~l)
1.612) 101 0.41)
4. %] 1632 0.137
é.40) 24 212 0.1%%
2.1 %) ARV 0.172

TABLE I: Gain and Gain Coefficient of Amplifier
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Fig. 2.6.1 Schematic diagram of streak tube operation
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These photoelectrons then strike a microchannel plate
which produces electron multiplication through the secondary
emission., The secondary electrons released at a different
time domain corresponding to the incident light signal
impinge upon a phosphor screen to form the streak image in
different channels. The intensity distribution of the space
dependent profile among all the channels are in proportion
to that of the time dependent profile of the original light
signal and thus forms a time resolved profile corresponding-
ly. The streak image on the phosphor screen can be recorded
by a polaroid film or by an electronic readout video or
photodiode array device connected to a data storage and
analysis system.

The streak camera used in these research programs was

15 (Hamamatsu Corporation,

the Hamamatsu C979 model
Middlesex, N.J.). It consists of a temporal disperser
(streak tube), silicon-intensified target (SIT) camera, and

a temporal analyzer. The temporal disperser mentioned above
was used to convert the time dependent signal to space depen-
dent signal. The silicon-intensified target camera was a
vidicon camera with S-20 photocathode used to intensify the
streak image. The temporal analyzer is a microprocessor-
based video image analyzer with a TV screen used to display
the digitized intensity distribution of the time-resolved

signal versus channels. The streak camera was sensitive for

a spectral region from 400 nm to 850 nm. There are four
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streak rates 15 mm/ns, 7.5 mm/ns, 3 mm/ns, and 1.5 mm/ns for

people to use.

2.6.2 Calibration of Streak Rate and Intensity

The streak camera must be calibrated for streak rate
because it affects the linearity of the intensity. A 6 ps,
530 nm laser pulse and an etalon were used to calibrate the
streak rate, The 6 ps, 530 nm calibration pulse was
separated into a series of pulses with a known time interval
by reflecting in between an etalon (Fig. 2.6.2(a)). The
etalon was formed by an aluminum spacer with a known length d

3 inch. In each side of the etalon, there

accurate to 10~
is a 92% reflection (8% transmission) dielectric mirror
coated at 530 nm. The time separation between two adjacent
pulses arising from the round trip reflection from the
dielectric mirror on the etalon is 2d/c. The ratio of
intensity of these two adjacent pulses is (l-T)z.

If the intensity of the first calibration pulse is Io'
then the intensity of a series of pulses due to reflection
by the etalon are

1,(1-1%, 1,0-m4,
since 1, = 1,(1-1)%* ana 1., /1, = (1-1)3,
An exponential decay expression can be approximated to

h

the intensity of the kt calibration pulse, i.e.

t « 2
IK:Io c:cp[é—t‘ In 1-T) ] (2.6.2)

2
where tk-katzg(?d
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The output of the calibration pulses were shown in Fig.
2.6.2(a) and Pig. 2.6.2(b).

The intensity calibration can be done by knowing the
streak rate at a given channel, and is written in the

following equation:

Lityz i (x) 2X

at

Because of the non-uniform streak rate, the intensity for a
given channel must be compensated for with a faster streak
rate at that channel.

2.6.3 The Resolution and Total Response Time of The Streak

camera
The total time resolution Atr of the streak camera is
given by the equation
4
A't,.:[at,z\c At: + At; ]
(2.6.3)
The A tl is due to the time spread occurring between the
photocathode and mesh electrode A tll' and the mesh and
microchannel plate A t12‘ The Atz is caused by the
spatial spread of the slit width and A t3 is caused by the
deflection electric field (ramp voltage) on the emitted
photoelectron from the photocathode.
The 4 tll is given by

-6
at = 2 3¢ x10 [at

X} e

E
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Fig. 2.6.2 (a) Schematic diagram of calit:rauon technique
of a streak camera gsystem.
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Fig. 2.6.2 (b) Graphic representation of the intensity
profile for a 6 ps laser Pulse passing
through a 30 ps etalon".

(From N. H. Schiller et al's paper)
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where Ao £ = the full width of half maximum of the energy
distribution of the generated photoelectron and E is the
accelerating electric field near the photocathode. Typical-
ly, the value of Atl, Atz, and At3 are in the

order of 1 picosecond. The response time of the detection
system is the convolution of the real laser pulse and the
resolution of the streak camera. For an ideal gaussian
pulse in time ( 4 tp) and space, the response time is a

; + A ti. For the fastest

sweep rate 15 mm/ns, the system response time is about 10

2
to and Ato at

ps. In addition, for a stable operation of streak camera,
the jittering of streak camera is not more than 15 channels,

2.6.4, Delay Unit of Streak Camera

The speed of light is always faster than the response of
the electronic components. In order to match the time for
triggering the streak camera and excitation of sample by a
single laser pulse, two delay units are needed. One is the
electronic delay box for delaying the triggering signal from
the pin diode, the other is an optical delay device called a
white cell. The white cell consists of two curved mirrors
with a radius of curvature of 2 m, separated by 1 m, and
coated for 99% reflection at 530 nm. One part of the white
cell is composed of two semi-circular curved mirrors with a
dimension of 2 inches, the other part is a curved mirror
with a dimension of 4 inches and two notches cut on the top

for light input and output. After the excitation 530 nm

-45-~



pulse bouncing back and forth inside the White cell, a total
delay of (2N-1) optical paths is generated. N is the number
of bright spots on the second curved mirror of the White
cell. By adjusting the proper delay time of the electronic
delay unit for the triggering the pin diode, a clear picture
of time-resolved signal is shown on the TV screen of the
temporal analyzer. These two delay units eventually play
the same role as the delay prisms for the gate-opening and
excitation pulse in the optical Kerr gate technique, The
starting point (t=0) of the detected signal can be found by
using a marker prepulse prior to the fluorescence signal, A
typical diagram for fluorescence kinetics setup is shown in
Fig. 2.6.3. A wedged beam splitter is used to isolate a
portion of excitation pulse as a marker prepulse. The
absolute zero time point of f luorescence was found by
measuring the time separation between the prepulse and the
scattered excitation light from the snrface of the sample.

2.7 Data Storage and Analysis System

A DEC Minc 11 minicomputer was used to store the
digitized data from the temporal analyzer, A program
written in BASIC version fetched the data by questioning the
necessary information step by step. The data were stored in
the disk and a built-in graphing subroutine was used to get
the hard copy of the time-resolved fluorescence profile.

A standard interfacing hardware RS 232 was connected to

the PDP 10 and Minc 11 computer for data transferring. The
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kinetics study using streak camera.
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programs in Fortran version were used to construct the data
files and correct the streak rate and intensity. The
complicated programs written in RATFOR and FORTRAN version
were used for the data manipulation. The scientific sub-
routine for integral from Bell Laboratories was included in
the theoretical calculation. The theoretical curve fitting
to the experimental results confirms a reasonable and con-
sistent model to explain the long range energy transfer
kinetics between the donor and acceptor molecules. The
significant parameters were deduced and generalization of
the model to include the diffusion effect was made. All the
useful data were stored in the tape to extend the capability
of data storage and handling.

In the treatment of curve fitting, the excitation pulse
was first deleted from the whole experimental fluorescence
spectroscopy (intensity versus channel). The starting
channel of the fluorescence spectroscopy was chosen such
that a tendency of a monotonically increasing function of
intensity versus channel exists in the region from the start-
ing point to the peak of fluorescence intensity. Then, a
program was used to correct the streak rate and intensity
for the corresponding channels from the starting point to
the end of the fluorescence intensity, and convert it to a
time-resolved fluorescence spectroscopy. Therefore, the
theoretical calculation of the time-resolved fluorescence
spectroscopy can easily be compared and fitted to the

experimental measurements,
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CHAPTER 3 THEORY AND COMPUTER SIMULATION OF ENERGY
TRANSFER BETWEEN DONOR AND ACCEPTOR
BINARY SYSTEM

In the first half of this chapter, the Forster mechanism
for the long range energy transfer is reviewed. A theoreti-
cal model on the rate equations and initial conditions for
donor and acceptor is p;esented in section 3.1. The detailed
derivation of the solutions for the time-resolved fluores-
cence profile of donor and acceptor will be covered in
sections 3.2 and 3.3. The theory of the fluorescence and ab-
sorption of a neat dye will be discussed in section 3.4.

The second half of this chapter will theoretically
simulate the long range energy transfer process by the model
proposed in section 3.1 for various parameters: critical
transfer distance Ro, ratio of donor and acceptor absorp-
tion cross section ﬁ , donor fluorescence decay time TD,
and acceptor fluorescence decay time TFA. The results
will be shown in sections 3.5 through 3.8. The experimental
data fitted to this theoretical model are compared in
chapter 4.

3.1 Forster Mechanism and Theoretical Model

Let us consider the long range energy transfer between a
pair of donor and acceptor molecules. Qualitatively, the
resonance energy transfer is similar to the behavior of two
coupled oscillators. Just as the two oscillators should

have the same energy for optimum coupling, the transition
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in the donor (D*—» D) and the transition in the acceptor
(A* =p A) should involve nearly the same energy as shown in
Fig. 3.1. If there is a small difference in the electronic
energy gaps for the two transitions, it can be adjusted by
including vibrational levels of the donor and acceptor.
This coupling interaction between the initial ( Y!I) and

the final ( H!FJ states can be expressed as follows:
U=<¥ [HIY. > (3.1.1)

where the \{'I = the initial state at which the donor is
excited and acceptor is in ground state; \f £ " the final
state at which the donor is deexcited and the acceptor is
excited; H = Interaction Hamiltonian.

The first term of expansion of interaction Hamiltonian H
is a dipole-dipole interaction, the second term is a dipole-
quadrupole interaction. The energy of interaction between
the two dipoles is inversely proportional to the third power
of separation distance between the dipoles (R'3) and is
directly proportional to the oscillator strengths to the
extent of spectral overlap, and a dipole-dipole orientation
factor. According to the Fermi~Golden rule, the energy
transfer rate is proportional to the square of interaction
energy, and thus is proportional to the sixth power of the

separation distance between the two oscillators:
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27T _—
=2 = <‘PIHI‘1’> (3.1.2)
Porsterl"‘ has derived a quantitative expression for the

rate of energy transfer due to dipole-dipole interaction

_ 9000(1n10) k' By
PTA 128950 N T RE

Jo Fotd) €41 S« (.13

where ) = wave number
EA(\))- molar absorptivity of the acceptor
FD(V)- spectral distribution of fluorescence of donor,
normalized to unity on a wave number scale
= Avogadro's number
= distance between the donor and acceptor
= quantum yield of fluorescence of the donor
= index of refraction of solvent

= mean lifetime of the excited state

xofvzg,ﬁ'ﬂﬁ >4

= orientation factor
'°°3995' 3cosQDcosQ
ODA. angle between the dipole vectors of D and A
GD GA = angle between these vectors and the direction D A
4

2 . 2/3. 1f we

Por a random distribution of dipoles, K
define a typical transfer distance Ro to be the rate of
energy transfer is equal to the sum of all other donor

deactivation rates, this is

! - .1.
T
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6 _ 9000(In10] kl?,,f”— dy
R, = AT TERE N . i—,,(v)éqlu)v—(; (3.1.5)

The efficiency of resonance transfer )(R is expressed as

| Ro 6 3
T, = % (%) _ (Be)
R - ", Ro<b - / Ro\ b (3.1.6)
- t = (=°) t (£2)
v To R R
Dexter5 extended this theory and included the exchange and

higher multiple interaction in the study of energy of energy

6

transfer. Yokota and Tanimoto developed a model treating

the diffusion of the excited molecule as a perturbation to
the theory of long-range transfer. Later, Klein et a1.7
formulated the theory considering the diffusion effect and
long-range energy transfer. Recently, Auerbach et al.8

have considered a diffusion 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 also result
from shortening of the range of the donor-acceptor transfer

9 used

interaction. Furthermore, Allinger and Blumen
statistics to investigate the direct energy transfer in the
donor-acceptor system. Most of the theories and
measurement s emphasized the results of the donor in the
energy-transfer process. There is lack of a concise theory

which will fit the experimental results for the kinetics of

both donor and acceptor.
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In order to study 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 solution, a theoretical model including the
spatial distributions of the molecules and relaxation rates
is derived.

The energy-level diagram for the donor and acceptor is
shown in fig. 3.1. The rate equations describing the energy
dynamics for photoexcited donor (D) and acceptor (A)
molecules are as follows. The donors are photoexcited to a
vibrational state denoted by sl' in the electronic

manifold:

Do+ P Dn =3, 1, 9 (t) (3.1.7)

Likewise, some acceptors are photoexcited to vibrational

states Sl' of the electronic manifold.

Azm + &A;m =0, I, S(t) (3.1.8)

The population of excited donor and acceptor molecules

are described by the equations

respectively.
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Fig. 3.1 The energy diagram for the theoretical model
for the resonance energy transfer in the binary
mixture solution, D is the excited electronic
state of the nth'don$9 molecule. D2n is the
vibronic state associated with D, .“'Similarly,
A is used for acceptor and is lﬂe transfer rate.
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The following is a list of the symbols:

I, (v)

jn

To

ultrashort laser pulse (photons/cm2 sec);
probability for the nth donor molecule to be
in the jth excited state;

probability for the nth acceptor molecular
to be in the jth excited state;
excited-state vibrational relaxation rate of
acceptor and donor molecule;

absorption cross sections in the acceptor and
donor molecules;

nonradiative decay rate of donor molecule;
nonradiative decay rate of acceptor molecule;
radiative decay rate of donor molecule;
radiative decay rate of acceptor molecule;

transfer rate from the nth donor to mth

acceptor;
' Ry &
___.(.__.‘.’)
o R

fluorescence decay time of donor

The initial conditions at t=0 for donor and acceptor proba-

bilities are as follows:

and

D‘,n(o*): 6;10 (3.1.11)
AJ"‘(OU:‘YAIO (3.1.12)
Dn(0*) =0 (3.1.13)
Amtoth=0 (3.1.14)
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3.2 Fluorescent Donors

Integrate the equations (3.1.7) and (3.1.8) immediately.

-6t

D.=0p 1€ ° (3.2.1)
At

Aim = Op 10€ A (3.2.2)

Substituting equations (3.2.1) and (3.2,2) in the equations

(3.1.9) and (3.1.10), we have

. -ft N
Dln+(Tp+pp)D:n=PDO;I°e ’- ?n:A éanm (3.2.3)

. - t N
Aot Ot T A= 4G 106 44 275,000 02200

For convenience, let us use the notations

-t
Eptt) = o0, 1o € ° (3.2.5)
-Gt
Eqtt)= &G,‘Ioe A (3.2.6)
S?A - 7% + ,Tq (3.2.7)

and

ap =Y+ 5 (3.2.8)
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The equations (3.2.3) and (3.2.4) are rewritten as:
- MA
D+t 3va + ( 'Z“ am) P = Eplt) (3.2.9)
A|m+ 3A A.m_( g.rm'\3D - EA‘.t) (3.2.10)
The fluorescence of donor and acceptor are then expressed as:
d = I'"D'E‘Dm (3.2.11)
E=Th T Am (3.2.12)
m
From equation (3.2.9), we obtain

t . N ,
Dn(t):fodt E,t)exp [-(3,+ E\A Sﬂm(t—t )] (3.2.13)

Averaging over the spatial distribution of molecules is
essential to describe the observed donor kinetics. The
equations for the fluorescence per unit volume for donor is
denoted by D(t) in the following:

N, No
D)= :ﬂ 1 Ty D (3.2.14)
f LE™ V. (Vfd';“ he )3z, Bin

1<
4

Substituting (3.2.5) and (3.2.13) into (3.2.14), we have
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cO(‘U:—T\’ [ fdfu Fe ]rfc‘to'ﬂ,lo
pr[ fot _(3°+ 5 (t-t"] (3.2.15)

= Ny !
.‘.;?r‘ -'-jdrk vy expt-gﬂ St -t7]

(3.2.16)
ZNDJ it’e; IDD "P[' fot - 3p(t't')]
The fitst integral in equation (3.2.16) becomes:
— - 4 C
K" I L,'rrr‘dr 2xp [ l‘.‘ 5,,,,, ]
= (—'f’drurr‘urc-é"r)] 4
N,
-[-Lj“ar4-rr (exp-8T)-141)] "
=01 wMmlo &Trdr (- Jz»q»(-t )] Vs
-CA (3.2.17)
=-27"o[-n4fo 4Tridrei-e )]
where
Qo - - ’,
as =2 T =t-t

! Ta
N oo - —t . .
Now, the integral jo e,,‘rrrﬁrfl- e r J in equation

(3.2.17) can be calculated ia the following.

Letu-—‘;—s , then

oo -Ta
Jo ¢«Trar [1- ¢ FF )

-ra (3.2.18)
=" 3“; du (1 -¢ ]

8
Main, let U=, - e'r““"

- _ L
V"' w

~60-



then equation (3.2.18) becomes

T

S {- =%~ qw{ f-'_zraz'e-uim}

g -rau’

=32?Af°le

™
= -—;i- mar (3.2.19)

Putting (3.2.19) in (3.2.17) and substituting in equation
(3.2.16) we obtain

’ ’ ‘n-
QDit)=yn, F,0, L,L;tdt'e”(:?":'30”'t ) - %-"4 [Fai-tH

t-25-9.7-28n, {rac
<Myn, £,0, 1, J2dre PR T T AT

(3.2.20)

3.3 Fluorescent Acceptors

In this section, we will calculate the fluorescence of

N
(] -
acceptor. Let E‘:' A'M_A‘ , and sum over the number

of acceptor on the equation (3.2.10), we have

. Ny
A+, A, =V, EA(tHE nng;m P, (3.3.1)

Taking derivative of equation (3.2.13) with respect to time

t, we obtain
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In ny !0

. _ N
D = Es(-9 0D, - Zy S D (3.3.2)

Sum over the number of donors on the equation (3.3.2), we get

‘qb . ND MD MA
2,; Dm=NDED(t)-‘?D§ Dm-%‘ ;;,‘ Ju:w'vn's (3.3.3)
Np
Let P2y D,,=D, » equation (3.3.3) becomes
n

D =N E(t)=J D -d -9, A +Ny Eq(t) and

4&.*34'4,:‘75.-303,-} NDED“)*'NA EAlt) (3.3.4)

The spatial averaged fluorescence of acceptor per unit

volume is:

N
Awr = <MaZn A7 = <Fa A
vV \ 4

'3 - p .
A+IA=- VA (D, + J,™) (3.3.6)

M [Ny E )+ Ny EL L))

&‘FEA (d+3,,.0>+r'ﬂ( NpEu ¥ NyEy)
(=]

Take the derivative of (3.2.20) with respect to time, we have

4T
. ~Jt-=—n,|
°O:‘PD'0+r‘anF‘DO;>]O€ 9D 3 4 TrAt (3.3.7)
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Substituting equation (3.3.7) in equation (3.3.6), equation

(3.3.6) is then expressed as
A +94=Ta(NgEy+NyCp)
-fd{(s A ZLIGE:
‘_, n PDO' 1 e 3D.t- 4{'—" (3.3.8)

The solution of A(t) can be found by integrating the

equation (3.3.8). This is shown by equation (3.3.9):

' 4 / - -t/ - t’
dw=[tit’e W0 (o p 1,67 Py

-Caf'

Ny 0, FA ) )

(3 o ffat e Mt 540

~Myn f,0: Tf Jt e “dot-19- 3*- n,frat

(3-3.9)

Substituting D(t') from equation (3.2.20) into equation

(3.3.9), we obtain the acceptor fluorescence per unit volume

in the following equation:
- D 3 * -PA{. -&{
A(f)"f’AO‘;[o{n ﬂ(e -e ‘A )+AA‘€ -e )
9 R 34 FD 34 - PA
L] -
(34 Po P&pe Pbt/;dt‘exp[( PD-SD)Z,’- i—’rn,q{vrif ]

(3.3.10)

(9° P" >, 8 e‘%fjdcexp[(z,-%z- In, 707 )
. nopoﬁe-w:az exp(td -1z 3Tzl ]
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3.4 Fluorescence and Absorption of A Neat Dye

For a neat solution the fluorescence intensity profile

versus time is described by the equation

-9.t ~pP-t
F(t):-..ff_[e ket _ eFF ]

F-J¢

(3.4.1)

where IDF = vibrational relaxation rate

9;!- fluorescence decay time.
The absorption of light by a neat dye solution is determined
by Beer's law, that is:

-23€cd
In=I.(1 -¢ ] (3.4.2)

where Ia = intensity of absorbed light
I° = jntensity of incident light
G = molar absorptivity (molar extinction
coefficient)

C = molar concentration

d = path length

The O0.D. is defined as log,,( —E: )

10 It
where It = jntensity of the light transmitted through the
sample.

For most systems, the O.D. is conveniently determined using
Beer's law and given by 0.D. = € Cd.
If 0.D. > 2, then all the incident light is absorbed, Ia=Io,

(100%). If O.D. X 0.05, then there is only a very little of
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light is absorbed (10%) and I, is approximated by 2.3 €
CdIo.

In the following sections, the computer simulation for
out theoretical model is obtained on the time resolved
fluorescence intensity of the donor and acceptor molecules
for various parameters.

2.2 Ro Variation

The parameter Ro was varied from 20A to 100A for the
calculation of the fluorescence of donor and acceptor mole-
cules. These results are shown in figure 3.2(a) and 3.2(b).
The other parameters such as PD' PA' 9pr Iar and B
in the equation (3.2.20) and (3.3.10) remain fixed. The
values of the parameters are given in the figure caption of
figure 3.2. 1In figure 3.2(a), for a given concentration of

A DD

molecules (2.5 x 10~ M), gives RPP = 43.5R%, RPD =

§AA = 543, the peak intensity of donor fluorescence
decreases as Ro increases indicating more energy transfer.
In figure 3.2(b), the peak intensity of the acceptor
increases and the risetime becomes slower as Ro

increases. Physically, this means the energy transfer is
more efficient if the separation distance R between the
donor and acceptor molecules for a given concentration is
less than Ro‘ If Ro increases continuously, 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 increases because of a much higher energy absorp-
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Fig. 3.2 The theoretical calculation of fluorescence profile
versus time obtained by equation (3.2.20) and
(3.3.10) for (a) dgnor and (b) acceptor for various
R _20R, 40R, 607, 80&, and 100A. The detection
system risetime is assumed to be 80 ps considering
the resolution of streak camera. The fluorescence
decay time is assumed to be 1.5 ns and 0.75 ns for
donor and acceptor, respectively. The ratio of
absorption coefficient of don%r to acceptor is 17.5.
The concentration is 2.5 x 10°M
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tion ability of the donor, which provides almost all the
energy it absorbed to the acceptor. 1In 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 risetime of the
acceptor looks very 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 R, reaches 100 A.

3.6 Ratio of Donor and Acceptor Absorption Cross-Section @

The ratioP of the absorption cross-sections of the
donor to that of the acceptor was varied from 10 to 30. The
fluorescence of the donor and the acceptor for different
values of‘3 are shown in figure 3.3(a) and 3.3(b),
respectively. The value of ‘3 defines the amount of energy
of the incident laser pulse absorbed directly by the donor
and acceptor. A large value of f? indicates a smaller
absorption by the acceptor. The acceptors are chosen such
that the direct absorption ability of laser energy is much
weaker than the donor. 1In our case, the fluorescence from
the acceptors occurs from the optically excited donors via
energy transfer. Thus, the fluorescence kinetics depends on
the energy transfer from the donor to the acceptor for large
values of p .

3.1 Effect of the Donor Fluorescence Deca Time-‘z-D

By changing the value of the donor decay time, the
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Fig. 3.3 (a) The theoretical calculation of
fluorescence profile versus time
obtained by eq. (3.2.20) and

(3.3.10) for (a) donor and
(b) acceptor for different ratios
of absorption of donor and acceptor,
B =30 and 10. The detection
risetime is 80 ps. The fluorescence
decay time is assumed to be 1.5 and
0.75 ns for donor and acceptor,
respectiv_%ly. The concentration is
2.5x10 "M andR_ = 404

-69-

2000



INTENSITY

FLUORESCENCE

(b)

ACCEPTOR

| ] ]

1

|

0 400

Fig. 3.3 (b)

-70-

800

1200 1600

TIME (pS)

200C



fluorescence kinetics profiles of the donor and acceptor are
calculated in figures 3.4(a) and 3.4(b). The fluorescence
decay time of acceptor QTA for this calculation is fixed
at 0.75 nsec. In the neat donor solution, the longer the
fluorescence decay time, the larger the fluorescence quantum
yield and more light is emitted. 1In the binary dye mixture,
as the fluorescence decay time increases, the fluorescence
intensity of the donor molecules increases. 1In this case,
the resonant energy transfer through the dipole-dipole
interaction is decreased because energy is spread out over a
larger time interval (transfer rate ~ l/ifb). Therefore,
the fluorescence intensity of the acceptor decreases in the
low energy transfer case when the fluorescence decay time of
the donor molecule increases,
3.8 Effect o ccept Fluorescence Decay Time; C-A

The calculated kinetic profiles of the acceptor molecule
in the dye mixtures are shown in figure 3.5 for different
fluorescence decay times of the acceptor molecule. The
donor decay time is fixed at 1.5 nsec. 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 interaction
and then fluoresce. S0, 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.
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fluorescence profile versus time
obtained by equation (3.2.20)

and (3.3.10) for (a) donor and

(b) acceptor for different fluores-
cence decay times of donor (4, 2, 1.5, 1,
0.4, 0.2 ns). The detection system
risetime is 80 ps. The fluorescence
decay time is 0.75 ns for the_gcceptor.
The concentration 1s 2.5 x 10 "M and
the ratio of absorption coefficient is
17.5 and R = 407
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Fig. 3.5 (a)

The theoretical calculation of
fluorescence profile versus time
obtained by equations (3.2.20)

and (3.3.10) for (a) donor and

(b) acceptor for different fluorescence
decay time ¢, (1.25, 0.75, 0.4, 0.2,
0.1 na). The detection risetime is

80 ps. The fluorescence decay time
is 1.5 ns for the dogor. The concen-
tration 18 2.5 x 10 "M. The ratio of
absorption coefficient 18 17.5, and

R =40A. The fluorescence decay time

of the donor ’C’D =]1.5ns.
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CHAPTER 4 THE ENERGY TRANSFER BETWEEN DONOR AND

ACCEPTOR BINARY SOLUTION AT FIXED CONCEN-
TRATION .

4.1 In this chapter, the experimental measurements 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

(the donor) and Nile Blue A Perchlorate (the acceptor) are

presented. The fluorescence kinetics for neat dyes and for

both the donor and acceptor dyes in the binary mixture were

3M in ethylene

investigated at concentration 2.5 x 10"
glycol at room temperature. The absorption and fluorescence
spectra for the donors and acceptors used are displayed in

fig. 4.1.

From equation (3.1.5), the critical transfer distance
Ro can be calculated from the fluorescence spectrum of
donor and the absorption spectrum of acceptor as shown in

figure 4.1. The Ro can be re-expressed as

[4
R, = | 000tInt2) kK*$, J
128 w5 n* N

(4.1.1)

where

J= jIA €, Ad a (4.1.2)
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and K = 2/3
n = 1,42

N = 6.02x1023
$, = 0.98 for R6G

= 0.9 for RB

6 for R6G- R6G

J = 0.3537x103° (&)
= 2.1819x103% (&)% for ox4- RéG
= 0.2964x103° ()6 for rRB - RB
= 1.9132x103% (K)% for nB- RB
-J is the overlap integral between the normalized donor
fluorescence [ by the definition of j IndA = | ,
and the absorp.tion extinction coefficient 6,\ . From the
fluorescence spectra of rhodamine 6G, the donor, the
normalized intensity I)\was determined by the unity of the
integral (area) of I, with respect to the wavelength ) .
The molecular extinction coefficient €, of oxazine 4
perchlorate (the acceptor) was found by measuring the

absorption coefficient in terms of O0.D. The €, can be

related to 0. D. as

6,\ - O'D

~ 1 4.1.
C- (4.1.3)

where C = concentration of oxaxine 4 perchlorate
A = optical path of cuvette

knowing the value of IA and G)\ + the overlap integral
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was calculated by equation (4.1.2). Then the value of Ro

was found by equation (4.1.1) for donor-acceptor and donor-
DD . [} o
Ro is 41.3A and 40.2A for

DA
o

donor pairs. The value of
R6G and RB respectively., The value of R is 56R for
R6G-Ox4 and 54A for RB-NB.

4.2 Experimental Method and Samples

The experimental setup used in this research program is
shown in figure 2.2.1. The 1.054 yum laser beam is generated
by the Nd:phosphate glass oscillator and amplifier. The
single pulse selector is used to select a single pulse from
the mode-locked pulse train. A second harmonic generator,
KDP converts the frequency of the 1.054 dm to 0.527 um.

The 0.527 om single pulse is delayed by an optical delay
unit (white cell), and incident onto the sample. The excita-
tion pulse is filtered by a Corning filter 3-67 from the
fluorescence from the sample. 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 ¢
Perchlorate. The Ditric short pass filter at 620 nm is used
to separate the fluorescence component of Rhodomine B, and
Hoya R-68 filter is used for the component of Nile Blue A
Perchlorate., The fluorescence is collected by lenses and
focussed into the slit Hamamatsu streak camera (C 979). The
streak camera output is recorded and digitized by a SIT
(Silicon Intensified Target) camera and Hamamatsu Temporal

Analyzer. The data are stored by DEC Minc 11 minicomputer.
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On the full time display of 3.1 nsec, 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 figure 4.2. The system time response
at full 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 nsec full scale. Only the 2
nsec part of the total display is displayed in fig. 4.2,
A portion of the excitation pulse is directed into the
streak camera as a marker prepulse,

The laser-grade dye samples (Eastman Kodak Company) were
dissolved in the certified ethylene glycol (Fisher

3M for

Scientific Company). A concentration of 2.5 x 10
both the neat (similar, monocomponent system) and binary
mixture (dissimilar, two-component system) solution was
prepared. At this concentration the average distance R
between the donor and acceptor molecules is about 43.5 R,
and the average distance between donor-donor molecules in
the mixture is 54 A. The solution was contained in a l-mm
or 2-mm optical path cuvette. The ratio of absorption
coefficient 3 at X = 530 nm for Rhodamine 6G to that of
Oxazine 4 Perchlorate, and Rhodamine B to that of Nile Blue
A Perchlorate was measured to be 22 and 17.5, respectively.

At these absorption ratios, very little direct pumping of

the acceptor molecules is possible in the mixed system,
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Fig. 4.2 Time response of the streak camera system

on a 3 nsec sweep scale - a 6 picosecond,
530 nm laser pulse profile 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 pulse width at half
maximum is about 80 ps. This is the

time response function of the detection
system on the streak rate being used

(3.1 nsec full time display).
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4.3 EXPERIMENTAL RESULTS

Neat Sample Kinetics

The fluorescence kinetics from neat monocomponent
solutions of dyes of Rhodamine 6G, Oxazine 4 Perchlorate,
Rhodamine B, and Nile Blue A Perchlorate in neat solution
are shown in figures 4.3, 4.4, 4.5 and 4.6, respectively.
The risetime of fluorescence is the time convolution of the
system response function (80 ps) of our detection system on
the 3.1 nsec full-time scale. The fluorescence decay time
is determined by a least square single exponential data
fitting., The decay times are 1.8, 1.52, 1.5, and 0.75 ns at
C= 2.5 x 1073 M for figures 4.3 (R6G), 4.4(0X), 4.5 (RB),
and 4.6 (NB), respectively. The standard error for these
decay times is £ 0.2 nsec.

ponor-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 figures 4.7, 4.8, 4.9 and 4.10 respectively.

From figures 4.7 and 4.3, we found that 1/e time of the
donor in the mixture becomes shorter compared to the
fluorescence decay time of the donor molecule in the neat
solution. The shortening is about 700 ps and 200 ps for
Rhodamine 6G and Rhodamine B, respectively. From figures
4.8 and 4.4, we found that the risetime of the acceptor in

the binary mixture becomes slower compared to that of the
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Fig. 4.3 Experimental measurement of

fluorescence profile versus time
of neat Rhodamine 6G in ethylene
glygol at a concentration 2,5 x
10 "M. Using Corning 3-67
filters and a Cyan Dichroic filter,
the fluorescence decay time is
found tobe 1.8 ns + 0.15ns
(5300 A2<6000 X) by least square
data fitting.
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) Fig. 4.4 Experimental measurement of fluorescence

profile versus time of neat Oxazine 4
Peichlorate in ethylene_glycol with a
concentration 2.5 x 10 "M. Using
Corning 3-67 filters and Hoya R-66
filter, the fluorescence decay time
is found tobe 1.52 ns + 0.1 ns

(A > 66002\) by least square fitting.
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Experimental measurement of fluorescence
profile versus time of neat Rhodamine B in
etlpslene glycol with a concentration 2.5 x
10 "M. Using 3-67 filters and Ditric short
pass filter at 620 nm, the fluorescence
decay time is found to be 1.5 ns + 0.16 ns
(5300A< 2 < 6200&) by least square data
fitting .
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Nile Blue A Perchlorate
(Neat Solution)
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Experimental measurement of the fluorescence

profile versus time of neat Nile Blue A
Perchlorate in eg_l}ylene glycol with a concen-

_ tration 2.5 x 10 "M, Using Corning 3-67

and Hoya R 68 filters, the fluorescence
decay time is found to be 0.75 ns + 0.05 ns
{ X\ > 68003.) by least square data fitting
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neat solution. The measured risetime is 650 ps and 400 ps
slower than neat Oxazine 4 Perchlorate and neat Nile Blue A
Perchlorate of 80 ps (system time resolution), respectively.
This is attributed 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.

4.4 DISCUSSION

The experimental fluorescence kinetics profiles of both
the donor and acceptor were fitted by subsituting the
experimental value of PD, 9pr PA, Ipr and (3 in
equations (3.2.20) and (3.3.10)) for a different value of
Ro. The experimental results of the donor and acceptor
can be fitted very well with an appropriate value of Ro.
This is a one-parameter fit (Ro). The parameter Ro for
the best fit to the data for (1) the mixture of Rhodamine 6G
and Oxazine 4 Perchlorate system is 55 X, and (2) Rhodamine
B and Nile Blue A Perchlorate system is 48 i.

We have performed the first measurements for fluorescence
kinetics of both the donor and acceptor dye molecules and
theoretically fitted the decay profiles for both the donor
and the acceptor molecules. The theory for the energy
transfer kinetics was developed to explain the change of
decay of fluorescence of the donor, and the risetime of the

fluorescence of the acceptor molecules. The theoretical
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Experimental measurement of fluorescence
profile versus time of Rhodamine 6G (the
donor) mixed with Oxazine 4 Perchlorate
(the acceptor) in ethylene_glycol wit.h a single
concentrationof 2.5 x 10 "M (5300A < A\ £
60005). The filters used are Corning 3-67
and Cyan Dichroic filters. The measurement
is fitted by a solid curve generated theoretically
from equation (3.2.20). The parameters used
to fit the donor data are: the system risetime
of 80 ps, the fluorescence decay time of 1.8 ns
and 1,52 ns for the donor and acceptor molecule
respectively, the ratio of absorption coefficient o
of the donor and acceptor of 22, and value Ro=55A
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Experimental measurement of fluorescence
profile versus time of Oxazine 4 Perchlorate
(the acceptor) mixed with Rhodamine 6G (the .
donor) in ethylene glycol g\sith a single .
concentrationof 2.5 x 10 "M ( A > 6600A),
The filters used are Corning 3-67 and Hoya
R-66 filters. The measurement is fitted by a
solid curve generated theoretically from
equation (3.3.10). The parameters used to

fit the acceptor data are: The system response
of 80 ps, the fluorescence decay time of 1.8 ns
and 1.52 ns for the donor and acceptor respective~
ly, the ratio of absorption coefficient 9f donor
and acceptor of 22, and value Ro = 55A
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Fig. 4.9 Experimental measurement of fluorescence
profile versus time of Rhodamine B (the donor)
mixed with Nile Blue A Perchlorate in ethyleng
glycol with single goncentration of2.5x 10 M
(53008 < A< 6200A). 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 equation (3.2.20). The parameters
used to fit the donor data are: The system risetime
of 80 ps, the fluorescence decay time of 1.5 ns and
0.75 ns for donor and acceptor respectively, the
ratio of absorption coefficient of donor and acceptor
of 17.5, and value Ro = 48}
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Fig. 4.10 Experimental measurement of fluorescence

profile versus time of Nile Blue A Perchlorate
(the acceptor! mixed with Rhodamine B (the
donor) in ethylene glycol l‘_g‘th a single .
concentrationof 2.5 x 10 "M ( A > 6800A).
The filters used are Coming 3-67 and Hoya R-68
filters. The measurement is fitted by a solid
curve generated theoretically from equation
(3.3.10). The parameters used to fit the
acceptor data are: the system risetime of

80 ps, the fluorescence decay time of 1.5 ns
and 0,75 for the donor and acceptor respectively,

. the ratio of absogption coefficient of 17,5, and

value of Ro = 48A
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fitting to the experimental kinetics profiles is excellent
and consistent.

Theoretically, the parameter Ro 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 Ro 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 Ro
were calculated(l) from spectroscopic data of fluorescence
of the donor and absorption spectra: for Rh6G - OX 4, Ro =
56 ﬁ and for RhB - NB, RO = 54 &. These values are in
excellent agreement with the values of Ro obtained from
fitting the time resolved measurements of donor and acceptor

in this study. In addition, the critical transfer distance

RDD
o

to be 41 AR and 40 A for R6G-R6G and RB-RB, respectively.

for donor-donor excitation transfer was calculated

The donor-donor excitation transfer will occur at high

(3)

concentration of donors when the critical distance

RDD

o for D-D transfer is larger than the average

distance R (443) between the molecules. In our case,
RgD is 413 (R6G) or 403 (RB), and smaller than R. The

long range energy transfer rate between molecules decreases
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tremendously when the critical distance Ro is less than

the average distance R in the Forster mechanism. If R°:>

i, there will be an increase in the long range transfer. In
order to enhance the energy transfer between donor and
acceptor molecules, it is necessary to choose a pair of
donors and acceptors such that (a) the absorption spectrum
of the acceptor overlaps with the tail portion of the
emission spectrum of the donor towards the longer wavelength
region as shown in figure 4.1; (b) the critical distance

RDA for donor-acceptor molecules is greater than that

o
(Rgb) of donor-donor and R2A> RPA, RPD
DD

Ro : and the absorption of laser energy by donors is

high enough to overcome the absorption of laser energy by
acceptors and to reduce the long 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

DA A D bD
o L]

because Ro If R

> RPA ana RPP» R = 0,

0
for instance, there is no overlapping of the emission
spectrum of donor and absorption spectrum of acceptor. 1In
this case, there is no energy transfer at all. This can be
easily double-checked by inserting RO-O in the equations
(3.2.20) and (3.3.10) to yield equation (3.4.1) immediately.
The value of R, found for the Rhodamine 6G and Oxazine 4
Perchlorate is larger than that of Rhodamine B and Nile Blue

A Perchlorate. These results give us another consistency

check between the theory and experimental results.
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CHAPTER 5 CONCENTRATION DEPENDENCE OF THE ENERGY
TRANSFER BETWEEN DONOR AND ACCEPTOR
MOLECULES IN SOLUTION

In chapter 4 we have measured the rise and decay of the
fluorescence profiles of the donor and acceptor molecules at
a fixed concentration (2.5x1073M). A theoretical model
was formulated to fit the experimental results for the time-
resolved fluorescence profiles of the donor and acceptor
molecules. The consistency of the theory with the experi-
mental data has given some of the conditions for efficient
energy transfer between the donor and acceptor dye molecules.
In order to obtain additional information on the energy
transfer mechanisms and transfer efficiency and show con-
sistency, a series of measurements with different concen-
trations of donor and acceptor molecules were performed.

In this chapter, experimental measurements and theoreti-
cal calculations were performed on mixed solutions with
different concentrations of acceptor molecules at a fixed
concentration of donor molecules for the following pair of
dyes: (1) Rhodamine 6G (the donor) and Oxazine 4 Perchlorate
(the acceptor); and (2) Rhodamine B (the donor) and Nile
Blue A Perchlorate (the acceptor). The dyes were dissolved
in ethylene glycol at room temperature where diffusion is
small and can be neglected.

5.2 Theoretical Review

The fluorescence intensity per unit volume from the donor
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and acceptor molecules as function of time were formulated

in chapter 3 and are given by:
t

and

f’.,t -9,t t
Awr=n,0, zo{n,pp -e ™) (e’ 3"_

+
94 - P> “\34'?4

9D fb bepe G)f clte"P[(l% 35)?:" W"Arﬁ?]

9., Po
34 f,D)"‘x»f’(g 634fd'c 2xp[(9,- 3)z- nAJ'“"]

TN L8 9_34£L‘td?2xpf(.\94’3p)t— %FnA j7ra T ]}

(5.2)

wheref1D = radiative decay rate of donor molecule,

n

A
Cp+0x = absorption cross section of donor and acceptor

= radiative decay rate of acceptor molecule,

molgcule,

PD = excited state vibrational relaxation rate of
donor molecule,

f; =« excited state vibrational relaxation rate of

acceptor molecule,
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np = number of donor molecule per unit volume,
nA = number of acceptor molecule per unit volume,
(3 = SZé- ratio of absorption cross sections of the

A

donor and acceptor,

¥ , Ro 6
A = R).

ifb = fluorescence decay time of donor,

Ro = the critical distance for donor-acceptor
which the rate of energy transfer equals the
sum of all other donor deactivation rate,

951 = fluorescence decay time of the donor in a

neat solution, and

-1

9 - fluorescence decay time of the acceptor in a

neat solution,

Using equations (5.1) and (5.2), the fluorescence
profiles versus time were calculated numerically for a given
concentration (1.25x10”7M) of the donor mixed with various
concentrations of acceptors. The calculated fluorescence
profiles of the donor and acceptor molecules are displayed
in figures 5.1 and 5.2. 1In figure 5.1, the fluorescence
intensity and quantum yield of the donor decreases as the
concentration of acceptor increases. 1In figure 5.2, the
fluorescence intensity and quantum yield of the acceptor
increases as the concentration of the acceptor increases.
This implies a larger and more efficient energy transfer in
the higher concentration of acceptor molecules because there

are more acceptor molecules surrounding a given donor
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Fig. 5.1 The theoretical calculation of the fluorescence

profiles versus time obtained by equatio_ljh( 5.1)
for the donor at concentration 1.25x 10 "M
and various concentrations of acceptors. The
detection system risetime is assumed to be

80 ps considering the convolution of signal
and streak camera. The critical t.ransfer
distance R_ is assumed to be 55 A. The

ratio of abgorption cross section of donor

to acceptor is 22. The decay time of donor

is 1.85 ns
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Fig. 5.2 The theoretical calculation of the fluorescence

profiles versus time obtained by equation (5.2)
for the acceptor at various concentrations_fnd
the donor at a concentration at 1.25 x 10 "M,
The system response function is 80 ps. The
decay times of donor and acceptor are assumed
to be 1,85 and 1.45 ns, respectively. The
critical transfer distance is 55 K. The ratio

of absorption cross section of donor to

acceptor is 22
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molecule. The mean distance between the acceptor and donor
is smaller than critical energy transfer distance Ro for
higher energy transfer.

According to the theoretical model, the efficiency of

the energy transfer 73, is defined as follows

N_o=) - Iobof:e%f’[’%-t)-jbt‘ Fhylarac )it
F I expl0t-T)- g1 dEdt

On the other hand, the efficiency of energy transfer at

(5.3)

average distance between donor and acceptor can be written as

L ¢ Ro\® Ro b
7_._ kE'r = To (T) o (?
R kEr+3D ‘%o(%g)6+% H'(&)‘ (5.4)
o]

where KET is the average energy transfer rate. The value
of'?E can be used to check the consistency of the theoreti-
cal calculation by comparing the results obtained from
equations (5.3) and (5.4) with the experimental measurements
for the different concentrations of acceptors mixed with a

fixed quantity of donors.

5.3 Experimental Results

The experimental results are divided into two
subsections: (1) steady state measurements and (2) time

resolved measurements.

-102-



Subsection (l1): Steady State Measurements

The fluorescence spectra (pumped by 530 nm) of solutions
composed of Rhodamine 6G (the donor) at a fixed concentration
1.25x10-3M, mixed with Oxazine 4 Perchlorate in ethylene
glycol at different concentrations are shown in figure 5.3.
The results of the binary mixed solution of Rhodamine B and
Nile Blue A Perchlorate are shown in figure 5.4. From data
displayed in figures 5.3 and 5.4, it is clear that when the
concentration of the acceptors is increased, there is a
decrease of the fluorescence yield of the donors and a
corresponding increase in the fluorescence yield of the
acceptors. We have observed an increase in the fluorescence
intensity and quantum yield of the acceptors in the presence
of the donor molecules in the binary solution. This is
expected if long range energy transfer from the donors to
acceptors is operative.

Subsection (2): Time Resolved Measurements

Typical time-resolved fluorescence profiles of the donor
and acceptor molecules in binary mixtures are shown in
figures 5.5 and 5.6, respectively. The theoretical fitting
of the profiles by equations (5.1) and (5.2) to the
experimental data using the known parameters Po' PA, B '
9pr 9Iar CD' and CA in fiqures 5.5(a) to 5.5(e) and
5.6(a) to 5.6(e) are shown by the solid lines for R = 55A.
Neat fluorescence curves are on page 85 to 88. The fitting

is excellent. Similar results for the other pair of dyes:
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Experimental measurement of the fluorescence
spectra from 540 nm to 690 nm for Rhodamine
6G_Sthe donor) at a concentration of 1.25 x

10 "M and Oxazine 4 Perchlorate (the acceptor)
at various concentrations in ethylene glycol.

The peak intensity of Rh6G and Ox.4 occurs at
565 nm and 650 nm, respectively
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Experimental measurement of the fluorescence
spectra from 550 nm to 690 nm for Rhodaming B
(the donor) at a concentrationof 1.25x 10 "M
and Nile Blue A Perchlorate (the acceptor) at
various concentrations in ethylene glycol. The
peak intensity of RhB and NB occurs at 588 nm

and 670 nm, respectively
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Fig. 5.5

Experimental measurement of time-resolved
fluorescence profile of Rhodamine 6G (530 nm

<X <600 nm) at a concentration of 1.25 x

10 "M mixed with Oxazine 4 PerchloL%te

at different_foncentrations: _(?) 5x10 "M,
(b\_i.5xlo M, (c)1.25x10 "M, (d) 6.25 x
10 M and (e)3.13x10 M in ethylene
glycol. The filters used are Corning 3-67

and Cyan Dichroic filters. The measurement
is fitted by a solid line generated by equation
(5.1). The parameters used to fit the data

are: the system risetime of 80 ps, the critical
distance R_=55A, the absorption ratio £ =22;
the fluorestence decay time 1.82 ns for Rhé6G,
and fluorescence decay times for neat Ox.4

(a) 1.42 ns, (b) 1.45ns, (c)1.47 ns, (d) 1.50
ns, (e) 1.51 ns at the respective concentrations
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Fig. 5.6

Experimental measurement of fluorescence
profiles of Oxazine 4 Perchlorate (A2660 nm)
at differeng_foncentrations (gi 5x10 "M,
(b)_i.leo M, (c)1,25x10 "M, (d) 6.25x

10 M, (e)3.13x10 "M mixed wl_t!x Rhodamine
6G at a concentration of 1.25x10 "M in
ethylene glycol. The filters used are Corning
3-67 and Hoya R66 filters. The measurement
is fitted by a solid line generated by equation
(5.2). The parameters used to fit the data are:
the system response of 80 ps, the critical
distance R°=55 A; the absorption ratio ﬁ =22,
the fluorescence decay time for neat Oxazine
4(a)l1.,42 ns, (b) 1,45 ns, (c) 1.47 ns,

(d) 1.5 ns, (e) 1.51 ns at the respective
concentrations
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Fig. 5.7

Experimental measurement of fluorescence
profiles of Rhodamine B (530 nm<A< 620 nm)
at a concentration of 1.25x10 "M mixed

with Nile Blue A Perchlq_r?te at dlfferent_3
concentratiq_%s (a) 5x10 "M, _(Q) 2.5x10 "M,
(c) 1.25x10_"M, (d) 6.25x10 "M, and

(e) 3.13x10 "M in ethylene glycol. The
filters used are Corning 3-67 and Ditric

short pass filter at 620 nm. The measure-
ments are fitted by a solid line generated

by equation (5.1). The parameters used to

fit the data are: the system risetime of 80 ps,
the critical distance R =485, the absorption
ratio 17.5, the fluore%cence decay time 1.62
ns for RhB, and fluorescence decay times for
neat Nile Blue A Perchlorate (a) 0.73ns,

(b) 0.75 ns, (c)0.76 ns, (d)0.77 ns, and

(e) 0.77 ns.
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Fig. 5.8

Experimental measurement of fluorescence
profile of Nile Blue A Perchlorate ( A% 680 nm)
at different_foncentratlons (gg 5x10 "M,
(b)_i.leO M, (c) 1.253(40 M, (d) 6.25x

10 M, and (e)3.13x10 M mixed with -3
Rhodamine B at a concentration of 1.25x10 "M
in ethylene glycol. The filters used are
Corning 3-67 and Hoya R68 filters. The
measurement is fitted by a solid line
generated by equation (5.2). The parameters
used to fit the data are the same as fig. 5.7
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Rhodamine B and Nile Blue A Perchlorate are shown in figures
5.7 and 5.8. The parameter Ro used in the fittings are

55% + 1X and 48A + 2A for the pair Rh6G and Ox.4, and Rh.B
and N.B., respectively.

The risetime of fluorescence of Rhodamine 6G is too fast
to be tesolved1 (see figure 5.9(a)) on order of 1 psec.
Basically, the observed "risetime®" of the time-resolved
fluorescence profile of the donor reflects the system
response function of the detection system which is 80 ps.
The slope of the beginning portion of the time-resolved
fluorescence profile of donors mixed with various concentra-
tions of acceptors appears steep. This means the donor in
the different acceptor concentrations has a similar tendency
to be pumped by the laser. The reason that the peak of
fluorescence profile of tﬁe donors shifts a little 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 between the
peak intensity and its l/e value. 1In figure 5.9(b), the
decay times for the fluorescence profile of Rh6G (donor) in
the solution with different concentrations of acceptors are
found to decrease as the concentration of Ox.4 (acceptor)
increases., This decrease occurs because there is more
energy transferred to the acceptor molecules surrounding the
donor molecule. At the higher concentration, the average

distance between molecules becomes shorter and below
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(a) The obs_ejved "risetime" of the donor (R6G)

at 1.25x10 "M mixed with various concentrations
of acceptor (Ox4).

the system response time (
ns time scale.

This risetime only reflects
80 ps on the 3.1

(b) 0: Experimental measurement of decay

time (1/e time) of fluorescence profile of
Rhodamine 6G at a concentration of 1.25x

10 "M mixed with Oxazine 4 Perchlorate at
diffeggnt concentrations from 3.13x10 M to
5x10 "M in ethylene glycol.

.: the decay time deduced from the theoretical

fitting curves
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RgA. Therefore, there is more efficient long range

energy transfer. This causes a faster decay of the excited
electronic state of donor molecules. The time separation
between the peak intensity and the starting point of the
fluorescence profile of the acceptors becomes much longer
than that in the neat solution of acceptors. 1In figure
5.10(a), the risetime of the peak intensity of the
fluorescence profile of 0Ox.4 (acceptor) is more than 400 ps
in the mixed solution, which is much longer than the
risetime of Ox.4 in neat solution of 80 ps (the response
time). The time separation of peak intensity of the
fluorescence profile of the acceptor has a tendency to
become even longer in the diluted concentration of
acceptors. This arises from reduction in the energy
transfer from the donor to the acceptor in the diluted case
of acceptor in comparison to a faster long range energy
transfer in the concentrated case of acceptor. Overall, the
decay time (l/e time) of the fluorescence profile of Ox.4
(acceptor) in the binary mixture is longer than that of Ox.4
(1.5 ns) in the neat solution. This is shown in figure
5.10(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 to concentration
quenching, the decay time decreases as the concentration
increases. Similar results are shown in figures 5.11 and

5.12 for the binary mixture of Rhodamine B and Nile Blue A

Perchlorate.
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Fig. 5.10 (a) 0: Experimental measurement of time separation

between peak intensity and starting point of
fluorescence profile of Oxazine 4 Perthlorate at
dlffel;%nt concentrations from 3.13x10 M to
5%x10 "M mixed with Rhodamine 6G at a
concentration of 1.25x10 M.

.: the time separation between the peak
intensity and starting point of the theoretical
fitting curve, :

(b) 0: Experimental measurement of decay time
of fluorescence profiles of Oxazine 4 Pex‘p‘ihlorate
at dif_f3erent concentrations from 3.13x10 M to
5x10 "M mixed with Rhodamine 6G at a
concentration of 1.25x10 "M in ethylene glycol.
.: the decay time deduced from the theoretical curves
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Fig. 5.11 (a) The observe%"rlsetime" of the donor
(RB) at 1,25x10 "M mixed with various
concentrations of the acceptor (NB). This
risetime reflects the system response time
{ ~80 ps).

(b) 0: Experimental measurement of decay
time (1/e time) of fluorescence profile of RB
at a concentration of 1.25x10 "M mixed
with NB af different cgncentrations from
3.13x10 M to 5x10 "M in ethylene glycol.

-118-
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Fig. 5.12 (a) 0: Experimental measurement of time

separation of peak intensity of fluorescence
profile of NB at differgnt concentrations from
3.13x10 "M to 5x10 M_fglxed with RB at a
concentration of 1.25x10 "M,

.: the time separation of peak intensity of
the theoretical fitting curves.

(b) 0: Experimental measurement of the decay
time of the fluorescence profiles of N§4at
dlffeg%nt concentrations from 3.13x10 M to
5x10 "M mixed with RB at a concentration of
1.25x10 "M in ethylene glycol.

.: the decay time deduced from the theoretical
curves
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The efficiency of long range energy transfer determined
by equations (5.3) and (5.4) are displayed in tables II and
ITI for Rhodamine 6G-Oxazine 4 Perchlorate and Rhodamine
B-Nile Blue A Perchlorate, respectively. The experimental
results of the energy transfer efficiency are also included
in tables II and III for Rh6G-Ox4 and RhB-NB, respectively.
These values are plotted in figures 5.13 and 5.14. We find
the theoretical model we developed (eq. 5.3) is in better
agreement with the experimental data than those obtained
from the Forster version given by egquation (5.4) for an
average energy transfer distance due to the Forster

mechanism,

DA
o

larger than that of the pair of RB-NB (48A). Accordingly,

The value of R in the pair of Rh6G-0x4 (55A) is

the estimation of 78 by equation (5.4), is a little larger
in the diluted concentration case of acceptor for the pair
of Rh6G-Ox4 and is a little smaller in the concentrated
concentration case of acceptor for the pair RB-NB., If we
define R, to be the critical distance at which there is

50% efficiency of energy transfer by equation (5.4), then

DA
o]

are 54.1 and 49.5 : for Rh6G-Ox4 and RB-NB, respectively.

the values of R evaluated from figure 5.13 and 5.14

These values are close to the values of Ro obtained from
(-4

curve fitting, which are 55 and 48 A, respectively.

5.4 Discussion and Summary

The steady state fluorescence spectra of the binary

mixture solution of donor at a fixed concentration and
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Table [{

[Conc Energy Transfer Efficiency ( ‘he)
Cpsl.25xI0 |Experiment |Calculated by |Caiculatet by
Ca Result O Eq.(3) © Eq.(4) A
33x10*M | 16.9t3% | 16.5 % 30%
6.25x10"M|272+3% | 3.0% 39%
125x10°M|477t6% | 52.0% 53%
2.5%10°M|720t7% | 68.0% 1%
50x 10°M|{81.6+ 9% | 88.0% 87%
Table 11 Energy transfer efficiency between the donor

(Rh6G) and the acceptor (Ox.4) in different

concentration solution
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Tablelll

Concentration| Energy _Transter Efficiency (Tl¢)
Cp=l.2%10°> [Experiment [Calculated by |Calculated by
Ta Result O Eq.(3) Eq.(4) A
3.13x10 *M|15+ 4 % 147 % 157 %
6.25%10 *M|20% 1% 24.6% 21.6 %
125%10 > M{4a1E 5% 40.4 % 33.1%
2.5x10° M64+4% 61.2 % 52.2 %
5.0% 10° M| 8L 6% 80.98% 75.4%

Table III

donor

Energy transfer efficiency between the

(RB) and the acceptor (NB) in

different concentration solution
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ENERGY TRANSFER EFFICIENCY

g g

g 28

50|
40t
30t

(o]

e Calculated by Eq.(3)

éExperimem result
A Calculated by Eq.(4) §

Donor: Rh6G é
Cp=1.25XI0° M

:

1

| L B | 1 —— —
0313 0625 1.25 250 500 (x10°M)C,

Fig. 5.13 0: Experimental measurements of the
efficiency of long range energy transfer
for Rh6G and Ox4 in different co ncentrations
.: theoretical calculations of the efficiency
of energy transfer by equation (5.3).
a: theoretical estimations of the efficiency
of energy transfer by equation (5.4)
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ENERGY TRANSFER EFFICIENCY

<

% e Calculated by Eq.(3)
loor § Experiment result

90 A Calculated by Eq.(4)

80 Donor: Rh B i

70} Cp=1.25X10°M 3

60 A

50

aot i

30

20t 8

10 | §

A A . ) f )
0313 0.625 125 250 5.00 (XI0°M)Cy
Fig. 5.14

0: Experimental measurement of the efficiency

of long range energy transfer for RB and NB in
different concentrations.

.: theoretical calculation of efficiency of
energy transfer by equation (5.3).
a: theoretical estimation of efficiency of
energy transfer by equation (5.4)
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acceptors at various concentrations were measured. The
picosecond time-resolved fluorescence profiles for donor and
acceptor molecules were measured by a picosecond laser pulse
excitation and streak camera detection system. The risetimes
and decay time of the donor and acceptor molecules were
determined for the different mixtures., A comparison of
these times from calculated values fits well for different
concentrations of acceptors. The energy transfer efficiency
was measured and calculated. The data are in excellent
agreement with our theory for the spatial average over the
distance between acceptor and donor molecules in the
theoretical expressions given for D(t), A(t) and ?E‘ We
found that the higher efficiency of energy transfer occurs

when the donor and acceptor molecules become close enough so

DA
° L d

that DA'< R Physically, this is due to the

stronger long range interaction between the donor and
acceptor molecules in the higher concentration cases. 1In
addition, efficient energy transfer occurs when there is
more overlapping of the emission spectrum of the donor and
the absorption spectrum of the acceptor. The theoretical
fitting parameters R° for each case are the same values
used in previous chapter. The theoretical model presented
in previous chapter (equations (5.1) and (5.2)) fits the
data well for the various concentrations. The concentration

dependence in the spatial average calculation is involved in

the argument of the exponential term in equation (5.3).
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Thus, the efficiency of transfer calculated by equation
(5.3) is more accurate and closer to real value than
equation (5.4). However, in equation (5.4), 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 condition for which the
donor-donor transfer dominates over donor-acceptor transfer,
wasg prepared with a high concentration of the Rhé6G (donor)

3H mixed with a low concentration of the Ox4

5

at 5x10°
(acceptor) at 1.25x10 °M. The Ox4 acceptor was supposed

to probe the D-D transfer.2 Unfortunately, the fluores-
cence of the accepcdor was so weak that no signal was detected
at all. The fluorescence of donor in the binary mixture
solution in this case is similar to that in the neat

3M. As we pointed

solution at the same concentration 5x10°
out in last chapter, 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 RgA for a donor-

acceptor pair is larger than critical distance RgD for

a donor-donor pair and RgD<:.;33, we conclude that
donor-donor energy transfer is negligible in samples in our
study. Purthermore, these samples are excellent for the

study of long range energy transfer between donor-acceptor
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binary systems. Our theoretical model is in excellent
agreement with the experimental measurements both
qualitatively and quantitatively,

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 experiments. This has given us a more detailed descrip-
tion of energy loss of the donor with a strong or weak
interaction with acceptors at different concentrations. We
not only found a decrease of the relaxation decay time of
the donors, but also observed a decrease in risetime of the
acceptors in the presence of an increase of concentration of
acceptors. Both indicate energy transfer. An important
point to note is the risetime of the acceptor does not match
the decay time of the donor. Our theory fits the rise and
decay time data well. This is the first study to measure
the efficiency of energy transfer and present theoretical
calculations for both donor and acceptors. Diffusion
effects on the energy transfer mechanism will be presented

in the next chapter.
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CHAPTER 6 DIFFUSION EFFECTS ON THE LONG RANGE
ENERGY TRANSFER BETWEEN DONOR AND ACCEPTOR
DYES IN SOLUTION INVESTIGATED WITH PICO-
SECOND FLUORESCENCE SPECTROSCOPY
6.1 In the previous chapters, we have investigated long
range energy transfer dynamics between molecules in binary
solution mixtures using steady state and time-resolved
fluorescence spectroscopy. We found an excellent consisten-
cy between our theoretical model and our experimental
results. The critical distance, Ro, and the efficiency of
energy transfer were determined for two binary systems: (1)
rhodamine 6G (the donor) and oxazine 4 perchlorate (the
acceptor), and (2) rhodamine B (the donor) and nile blue A
perchlorate (the acceptor) dissolved in ethylene glycol at

1,2

room temperature. The experimental results show the

long range energy transfer efficiency depends on the criti-
cal distance Ro and the concentration of the solutionl'z.
The relative absorption cross section of the donor and
acceptor and the decay time of the donor and acceptor also
affect the energy transferl'z. In these studies the trans-
lational diffusion constant for the xanthane and oxazine

6cmz/sec. Since

dyes in ethylene glycol is less than 10~
the fluorescence lifetimes are of the order of 1 ns, the
diffusion length in this case is less than 3A. Therefore,
the diffusion effects were neglected in our previous

research in chapters 4 and 5. The extention to a diffusion
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study on the energy transfer process is interesting if the
viscosity of the solvent is small so that the translational
diffusion of the donor molecule should be taken into account
to the energy transfer. In this chapter, we have performed
measurments and theoretical calculations on the kinetics of
energy transfer between donor (rhodamine 6G) and acceptor
(oxazine 4 perchlorate) molecules including the effect of

diffusion at different temperatures,

6.2 Theoretical Review

3 developed a theoretical model based on the

4-6

Galanin
Forster Mechanism to study the long range resonance
energy transfer assuming immobile molecules in viscous

L genelized the random walk diffusion of

solutions, Waite
particles to a continuum of positions in the differential
equation describing the energy transfer between the donor
and the acceptors. Kurskii et a1.8 considered the
Brownian motion of molecules and formulated the kinetic

9 et al

equation for the energy transfer. Later, Samson
and other invest:i.gat:orsm'12 included the effect of
diffusion transfer to describe the rate change for the
concentration of donors in the study of resonance energy

13 used the Pade approxi-

transfer. Yokota and Tanimoto
mation in solving the transformed differential equations for

the distribution functions of excited molecules of donor and
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acceptor molecules in the study of energy transfer with the
effect of diffusion. They obtained a complicated time-

dependent decay function of the excited donors. PFurthermore,

14'160btained a simpler functional form of

17

Gosele

for the decay of the donors. Recently, Millar et al.

14-16 satisfactorily fit

have used the result of Gosele
th&ir measurements for the energy transfer including
translation between donors and acceptors,

The translational diffusion term can be added to our

1,2 of the study of energy transfer

theoretical model
between molecules in a solvent with low viscosity. The
equations describing the energy dynamics for photoexcited
donors in chapter 3 are modified to take into account
diffusion as follows:

Dan + PD‘Dznzd;Io 5“) (6.1)

- N 2
O.,¢ (YD*PD)PO\:/DD‘DJOO'%A{"M Dm"‘av Dn (6.2

where
.I,éat)-ultrashort laser pulse (Io-numbet of photons/area’
I%m =probability for the nth donor molecules to be in
the jth vibronic excited state of Sl.
fL =excited state vibrational relaxation rate of the
donor molecule.
00 =absorption cross sections in the acceptor

molelcule.
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Y; =nonradiative decay rate of the donor molecule.
r; =radiative decay rate of the donor molecule.
Equation (6.2) is similar to the equation (2) in Yokota
et al's paperl3. The solution to equation (6.2) is given
by a complicated form. However, Goselee“-16 found a much
simpler form for the solution to this kind of equation with-
out loss of accuracy. Therefore, we adopt the Gosele's
treatment and the fluorescence per unit volume for the donor
is:
QM oy p J‘tdmxp(- B(t-2)-9p - 5N AT - 47T N T ]
0,1, DJo
(6.3)
N

D
where hpa -‘—,— = number of donors per unit volume,

i Roo %
r.=0676 (W)

5 = transfer rate from the nth donor to the mth acceptor,

nm
= L (Re)*
(o

(&

D
Ro =the critical distance at which the rate of energy

=fluorescence decay time of the donor,

transfer is equal to the sum of all other donor deactivation

rates,
45 =diffusion constant for the donors and acceptors,

= kKT, _KkT
hrq 8 6 rA

and
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K =Boltzmann constant,

T =absolute temperature,

7 =viscosity of the solvent,

YD weffective radius of the donor molecule,

ﬁq-effective radius of the acceptor molecule,

The diffusion constant is given by Stoke's law and

18 of viscosity of

Einstein's relation in the sticky model
a fluid. This expression is similar to the equation in our
previous paslpetl'2 except for an additional term amd rF “A?
in the argument of exponential. This is the effect of the
translational diffusion of molecules., Substituting the
diffusion factor and equation (6.3) into the equations in

chapter 3, we obtain the solution for the fluorescence per

unit volume of the acceptors-

9»&

3t ot o e Jat)
% fo &'&
-p) blepe fdz:exp[(r., 9D T-40n, (T -4 0]

*(3: P")Y‘ loﬂegfftdtexp[(& 9, % § nalwaz - ¢TorhT]

-9 (6.4)
" Tefope ‘f““ﬁ?[( 9a - 9012~ 0, (AT - 7T OK, "42'1}

Using equations (6.3) and (6.4), the fluorescence intensity

4&@

versus time were calculated for different values of the
diffusion constant from room temperature to -90°C. The

results are shown in figure 6.1.
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INTENSITY
™

FLUORESCENCE

0
o7 (a) DONOR
'0-8 IN MIXTURE SOLUTION

o 9

Fig. 6.1

TIME (ns)

The theoretical calculation of the fluorescence
profiles versus time obtained by equations (6.3)
and (6.4) for (a)_?onor (b) acceptor at a concentra-
tion of 1525x£0 M at different diffusion constants
from 10" > cm“/sec to 0 cm /sec. The detection
system risetime is assumed to be 80 ps considering
the convolution of signal and streak camera. The,
critical transfer distance R_ is assumed to be 55 A,
The ratio of absorption of donor to acceptor is 22.
The decay time of donor is 1.8 ns. The decay

time of acceptor is 1.5 ns,
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Fig. 6.1 (b)
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From the fluorescence profiles displayed fiqure 6.1(a),
the decay time of fluorescence of the donor molecule becomes
faster and the quantum yield decreases as the diffusion
constant increases. From the fluorescence profiles
displayed in figure 6.1(b) the risetime and quantum yield of
the acceptor molecule increases as the diffusion increases.
Basically, the energy deactivation of the donors is due to
the long range energy transfer to the acceptor. Diffusion
helps in moving the donors and acceptors effectively closer,
s0 that energy can be transferred to the acceptor more
readily.

For a neat solution of rhodamine 6G (or oxazine 4
perchlorate), the intensity versus time is described by the

equation (6.5)(Ro-0)

- ¢ -P ¢t
Fity = (e [e Jet. e © J (6.5)
fe -Je
The efficiency of energy deactivation of the donor molecule

taking into account the diffusion effect is defined to be

¢ = J’:' f:dZ'J'fexp[—f,(t-t) -301-‘3"-'n4r—"rmz.-uﬂ‘ot;h4r1

y = |- (6.6)
[Fftdntese (-fo4-0 -5 7]

We also define the efficiency of energy deactivation without

the diffusion effect to be

¢z, e Tt expl ft-v)- Iz §n, [raT]
f:'ﬁc'Zthxfo(-@ t-0-% ]

(6.7)
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The contribution of the diffusion effect on the long range

energy transfer can be evaluated by the following equation:

ooprd _
{ < §s Ldtc‘{upf'ﬁ,(t-t)-S.t-?-nﬂ]vraz- ¢nd 'f:"q t]6 o)
Jd=-1- —6.
Jo [Edrdtexpl- it -0 -3,z -‘f-,'f N, fraz ]

The value of fd will be zero when there is no diffusion (D

=0). The total efficiency of energy deactivation can also
be obtained from the sum of the efficiency of energy

deactivation without diffusion (long range energy transfer)
and the partial contribution due to diffusion according to

the relation

€;=E.( ""')[d ) (6.9)

The value obtained from é} can be compared to the value

obtained from G, .

6.3 Samples

Laser-grade dyes of rhodamine 6G and oxazine 4
perchlorale from the Eastman Kodak Company were dissolved in
l-propanol without further purification. The solution of
single component dyes and binary mixtures of two kinds of

3 M. The

dyes were made at a concentration of 1.25 x 10"
average distance R between the donor-acceptor molecules in
the mixed solution is 54.13. The mean distance between the
like molecules (donor and donor, or §cceptor and acceptor)

[
is 68.2A. The value of the critical transfer distance Ro
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from the spectroscopic data of the fluorescence spectrum of
the donor and the absorption spectrum of the acceptor is 56
X. The solution was contained in a 1 mm or 2 mm optical
path cuvette. The cuvette was put in an optical dewar with
a nitrogen gas flow around it., The temperature of the
sample was controlled by the flow rate of cooled nitrogen
gas and read from a Keithley 177 digital microvoltmeter
conneéted with a copper constantan thermocouple. The
temperature was lowered from room temperature to - 90°¢c.

19 and diffusion constant

The temperature versus viscosity
of l-propanol from table IV is displayed in fiqure 6.3. The
ratio of the absorption cross section f? at X\ = 527 nm for
rhodamine to that of oxazine 4 perchlorate was measured to

be 22. At this high absorption ratio there will be little

direct excitation of acceptor by the laser pulse.

6.4 Experimental and Theoretical Results

Typical time-resolved fluorescence profiles emtted from
neat rhodamine 6G and oxazine 4 perchlorate in l-propanol at
25°C and at -90°C are displayed in figures 6.3 and 6.4.

The decay time of R6G and oxazine 4 perchlorate are about
l1.8ns and 1.50 ns at room temperature. Similarly, at -

90°¢ by fitting single exponential profiles for neat
rhodamine 6G and oxazine 4 perchlorate we obtain fluores-
cence decay times for neat R6G and ox 4 of 2.2 and 2.1 ns at

-90°C, respectively. Using the value of temperature and
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temperature, and the diffusion constant
and temperature are shown in (a) and (b)
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Co=1.25x107°M

T=25°C
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o) .8 1.6 2.4 3.2
TIME (ns)
Fig. 6.3 Experimental measurement of the time-

resolved fluorescence profiles of neat
rhodamine 6G (530 nm <X\< 600 nm) at

a concentration of 1.25x10 "M in
l-pmp%nol at (a) room temperature

(b) =90 C. The measurements are fitted

by a solid line generated by equation (6.5).
The decay time on the fitting is found to be
1.8 and 2.2 ns for figure (a) and (b) res~
pectivel .5 The system risetime response

is 80ps ' ",
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Experimental measurement of the time-~
resolved fluorescence profiles of neat
oxazine 4 perchlorate ( X\ > _§60 nm)
at a concentration of 1.25x10 "M in
l-propanol at (a) room temperature and
(b) =90 C. The measurement is fitted by
a solid line generated by equation (6.5).
The decay time in this fitting is found to
be 1!.5 and 2.1 ns for figure (a)and (b)

respectively. The system risetime is 80 ps.
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viscosity at a given temperature (see fig. 6.2), and other
parameters, the fluorescence intensity profiles versus time
were fitted to the donor and acceptor profiles generated by
equations (6.3) and (6.4). An effective molecular radius Yb
and {A on the order of 6& was used for curve fitting. The
theoretical fittings and the data are in excellent agreement
as shown in figures(6.5) and (6.6). The fluorescence decay
time (-é— time) of the donor at different diffusion constants
(different temperature and viscosity regions) are shown in
figure 6.7. The decay time decreases when the diffusion
constant increases, This is attributed to the fact that
translational motion of molecules combined with the long
range energy transfer causes the energy deactivation of the
donor molecule to occur more efficiently. 1In other worcs,
when the diffusion constant increases, the decay time of the
donor becomes shorter due to the process of enerqgy transfer
to the acceptor. The efficiency of energy deactivation with
( G}) and without (Gh) diffusion effects for different
temperatures were calculated by equations (6.6) and (6.7) in
order to obtain more information on the influence of the
diffusion effect on the long range energy transfer between
donors and acceptors. The diffusion contribution to the
long range energy transfer was calculated for fd by equa-
tion (6.8). The total energy deactivation efficiency with
the diffusion effect was compared with experimental data and

with theoretical expression G, . These results are shown
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Fig. 6.5

Experimental measurements of fluorescence
profiles 530 nm<¢A<600 nm of rhodamine 6G

(the donor) mixed with oxazine 4 (the -3
acceptor) at a concentration of l.Zle% M

in l-é)mpanol atotemperatur%s of (a) 25°C, o
(b)0°C, (c)-30"C, (d)-60°C, and (e) =90 C.
The filters used are Corning 3-67 and Ditric
short pass filter at 620 nm. The measurements
are fitted by a solid line generated by equation
(6.3). The parameters used to fit the data are:
the system risetime of 80 ps. The critical
distance R_ = 55A, the absorption ratio F = 22
and the efﬁ»ctlve radius of molecule is 6. The
fluorescence decay times for neat R6G and Ox
are (a)1.8ns and 1.5 ns, (b) 1.82 ns and
1.51ns, (c)1.87 ns and 1.56 ns, (d) 1.95 ns
and 1.88 ns, and (e) 2.2 ns and 2.1 ns. The
diffusion constants are for géfferent labs -7

(@) 5.47x10__, (b)1.74x10 -’8(055'9’(10 ’
(d) 1.27x10 " and (e)1.7x10 “cm  /sec
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Fig. 6.6

Experimental measurements of fluorescence
profiles (A> 660 nm) of oxazine 4 Perchlorate
(the acceptor) mixed with rhodamine _6? {the
donor) at a concentration of 1,25x10 !vgin
l-proéaanol at thg temperatuses of (a) 25 C,
(b)0C, (c)-30C, (d)=-60C, and (e) =90 C.
The filters used are Coming 3-67 and Hoya
R-66 filters. The measurements are fitted by

a solid line generated by equation (6.4). The
parameters used to fit the data are: the system
risetime of 80 ps, the critical distance R = 554,
the absorption ratio B 22, the effective’radius
of molecule is 6A. The fluorescence decay
times for neat R6G and Ox 4, and the diffusion
constants are the same as in Fig. 6.5
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Pig. 6.7 Experimental measurement of decay time

(-*— time) of fluorescence profile of

R6G at a concentration of 1.25x107°M mixed
with Ox4 in l-propanol for temperatures
ranging from room temperature to -900c,
Decay time deduced from theoretical

fitting
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Experimental measurement of time separation
between the peak and starting point of
fluorescence profile of 0Ox4 mixed with

R6G at a concentration of 1.25x10-3 in
l-propanol for temperatures ranging from
room temperature to -90°C, and the time
separation between the peak and starting
point of fluorescence profile deduced

from the theoretical fitting
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in Table IV. We found that as the diffusion effect
increases, the long range energy transfer increases from
0.66% to 38% as the temperature increases from -90°C to
room temperature as shown in Fig. 6.9. The total efficiency,
calculated by equation (6.6) is equal to that calculated

by 62 (1+ 'FJ ) -This means the total efficiency of
energy loss of the donors is due to the long range energy
transfer to the acceptor with the diffusion of molecules.
This agreement shows that the measurements and calculations

are consistent.

6.5 Discussion

The diffusion of molecules in solution is most important
for energy transfer. The larger the diffusion, the more the
energy is transferred. Diffusion increases the close
collisional encounter with other molecules in order for the
interaction between donor and acceptor molecules to occur
more effectively. The diffusion constant can be altered by
the temperature and viscosity of the solvent. For a high
temperature and less viscous fluid, the Brownian motion
makes the molecule move more easily. As we have learned
from this chapter, the contribution of diffusion decreases
when the temperature is lowered. If the diffusion constant
reaches the order of 10.7 cmz/sec, the contribution of
the diffusion effect on the long range energy transfer is

1,2

less than 3%. In our previous papers the diffusion
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TableRL : Efficiency of energy deactivation with and without the etfect of diftusion
(Rh6G 8 Ox4 in |-Propanol)

T 'l D Th?o‘ry Elp!?l:'nﬂli T Sv‘ y Concf r?buﬂon £ s
(C) || (cP) |(CNSECH ipm ditfusion | wiN ditrasion |without ditvsicd of diftusion |= Eal1+ fa)
25 | 1.33 5.47:\“56 68.9% 7TE3% $0.2% 38.4% 69.4%

o [[3.83]174n6°| ss.6% 60.2%43% | 50.1% 170 % 58.6%
-30 (|10 5.9x|57 54.0% 567t2% 498% 84 % 53.9%
-60 [[39.8[12md | s13% 4942% | 49.6% | 29% 51.0%
-90 [l263 [1.7:8° | 49.2% 815 % 49.2% 0.66% 49.5%

Table IV Efficiency of the long range energy transfer

between R6G (donor) and Ox 4 (acceptor)
with and without diffusion effects at different
temperatures
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constant was about 3.7 x 10'7 cmz/sec for the binary
mixture in ethylene glycol at room temperature. 1In this
case the contribution of the diffusion effect on the long
range energy transfer is estimated to be less than 6%.
Therefore, in that case we have neglected the diffusion
effect. For the R6G and OX4 binary mixture in l-propanol,
we have completed the first measurements of the kinetics
study of the long range energy transfer including the
diffusion effect from a non-negligible value of 10'5
cmz/sec (room temperature) to a neglibible value of 10'8
cmz/sec (low temperature). Theoretical fittings to the
experimental measurements of the time resolved fluorescence
profiles are in excellent agreement. The total efficiency
of energy deactivation of the donor molecule was calculated
and compared experimentally. Since the temperature varied
in a limited region (25°C to -90°C), the vibrational and
rotational effects of the molecule are neglected. The
percentage contribution of the diffusion effect required to
increase the long range energy transfer was determined. 1In
conclusion, the energy transfer via dipole-dipole long range
interaction plays a dominant role in the mechanisms of
energy transfer between donors and acceptors. This work will
be extended to study energy transfer of mixed dyes in glass

and crystal states,
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CHAPTER 7 SUMMARY, CONCLUSION AND FUTURE RESEARCH

7.1 Summary

In this research, the experimental measurements of the
absorption and fluorescence spectra of rhodamine 6G,
rhodamine B, oxazine 4 perchlorate, nile blue A perchlorate
in neat and binary mixed solutions were performed; The good
overlapping of the fluorescence spectrum of rhodamine 6G and
absorption spectrum of oxazine 4 perchlorate implied a
resonant long range energy transfer may occur between the
donor (R6G) and acceptor (0X4) by Forster mechanism,

Similar behavior was observed for the rhodamine B and nile
blue A perchlorate. The R is 56X and 54A for R6G-Ox4 and
RB-NB respectively. Measurements of time-resolved fluores-
cence spectroscopy of rhodamine 6G and oxazine 4 perchlorate
were then undertaken in order to find out the physical
quantities such as decay time and rise time of the donor and
acceptor in neat and binary mixed solution on energy
transfer. From these measurements, the decay time of donor
becomes shorter (1.8 ns to 1.1 ns for R6G) and rise time of
acceptor becomes slower (1 ps to 400 ps for Ox4) in the
binary mixed solutions compared to that in neat solutions.

A theoretical model of the rate equations for the excited
probability of donor and acceptor was established to fit the
experimental results by varying Ro only. For a better
understanding of how strong the interaction between the

donor and acceptor may affect the long range energy transfer,
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the’measurements of time resolved fluorescence spectroscopy
ofvthe donor and acceptor component were undertaken for a
fixed concentration of donor (1.25x10~3 M) mixed with
various concentrations of the acceptor (3.13)(10'4 to
5.0):10'3 M). The efficiency of energy transfer was also
determined thecretically and experimentally. From the
theoretical and experimental results, the larger change of
decay time (100 ps to 1300 ps) of donor and rise time (400
ps to 800 ps) of acceptor, and the larger efficiency (15% to
80%) of energy transfer in the more concentrated solution
reflects a stronger interaction between the donor and
acceptor because the average distance between donor and
acceptor is closer. However, for the fluid solution with
low viscosity, the diffusion of molecules can increase the
encounter probability and may affect the long range energy
transfer. The temperature controlled solution can give rise
to different diffusion constants at different temperatures.
From the experimental measurement and modified theoretical
model including the diffusion effect, a contribution of
diffusion of molecule to the long range energy transfer was
determined from a negligible value (low temperature and high
viscosity) to a non-negligible value (room temperature and
low viscosity). Theory and experiments are in excellent
agreement. The diffusion can increase the efficiency (0.66%
at -90°C to 38% at RT) of long range energy transfer. In

short, the energy cGeactivation of donor molecule is
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dominantly due to the dipole-dipole interaction in the
Forster mechanism and the strength of interaction is
affected by the concentration of acceptor. The efficiency
of transfer can be increased when the solution is more
concentrated with lower viscosity and larger diffusion
constant.

In this research, the factors effecting the long range
energy transfer rate are (1) the critical transfer distance
RgA, (2) the concentration of the solution, (3) the
diffusion of molecule in different temperature and viscosity
region, (4) the decay time of donor, (5) the relative ratio
of absorption cross section of donor and acceptor, and (6)
the overlap integral of the absorption and fluorescence
spectra of donor.

The critical distance RgA

of the pair of rhodamine

6G and oxazine 4 perchlorate (55&) is greater than that of
the pair of rhodamine B and nile blue A perchlorate (483)
and induced a more efficient energy transfer for the former
pair in the same solvent at the same concentration and
temperature as the latter one. The various concentrations
of acceptor mixed with the donor at fixed concentration
gives a different separation distance between donor and
acceptor and hence a different efficiency of energy transfer
appears. An efficiency up to 80% corresponds to a

concentrated solution of 5x10-3M. The diffusion of

molecules in the mixed solution at room temperature help the
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energy transfer efficiency increase to 38% and decrease to
0.668 at -90°C in the solvent of l-propanol. A longer

decay time of donor can induce a larger quantum yield and
then fluorescence intensity of donor molecule also
increases. This gives rise to a decrease of energy transfer
rate ( ~ 1%? ) because energy is spread out over a larger
time intetv;;. The relative absorption ratio of donor and
acceptor, ‘; , defines the relative amount of laser energy
absorbed by the donor molecule. The fluorescence of
acceptor via energy transfer from donor will be increased in
the case of larger because more photon energy is absorbed
by donor.

The overlap integral of the absorption and fluorescence
spectra of donor defines a possible energy transfer between
the donor and donor molecules. In the particular pairs of
xanthane and oxazine dye we used, the energy transfer
between donor and donor molecules is neglected because of
the large overlap integral of the absorption spectrum of
acceptor and the fluorescence spectrum of donor, and the
large relative ratio of absorption cross section of donor
and acceptor. The RgA is 55% and 48} for R6G-Ox and
RB-NB, while ROD is 41R and 40A for R6G and RB
respectively.

7.2 Conclusion

The detailed measurements of the time-resolved

fluorescence spectroscopy for the long range resonant energy
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transfer from an energy donor molecule to an energy acceptor
molecule were completed. The theoretical calculations and
fittings were in excellent agreement with the experimental
results. In conclusion, the long range dipole-dipole
interaction in the Forster mechanism is the dominant
mechanism during the process of energy transfer from the

donor to the acceptor. The critical transfer distance

DA

Ro

. the relative absorption cross section of donor and
acceptor P , and the concentration of the solution define
the condition for the long range energy transfer from donor
to acceptor with negligible transfer from donor to donor.

The important factors which affect the rate and efficiency

DA

of energy transfer are critical transfer distance Ro ’

the concentration, viscosity and temperature of the
solution, and the fluorescence decay time of donor. We
completed a self consistent theory and experimental
measurements on the study of long range energy transfer
between dyes, the results of this research can be applied to
understand the energy conversion in some energy storage
device and operation of dye lasers because not only the
fundamental physical phenomena but also the important
controlling factors which affects the energy transfer were
found in detail in this research.

7.3 FPuture Research

The following are the areas for future research:

1. 1In order to have more efficient energy transfer and the
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information on exchange effect, a crystalline or powder
mixture of rhodamine 6G (the donor) and oxazine 4 perchlorate
(the acceptor) may be prepared for the kinetics study of
energy transfer. If the Forster mechanism in our theoretical
model is applicable to this system, a high efficiency of

long range energy transfer will be obtained. If the exchange
effect exists, an exponential decay dependence of the
transfer rate1 is expected for R'ﬂvloi.

2. In order to have the information on the dye sensitized
luminescence of silver halides, a cyanine dye contacted with
the silver halides may be prepared. The fluorescence
kinetics of silver halides and silver halides contacted with
cyanine dye will be investigated to compare the intrinsic
luminescence of silver halides and sensitized luminescence

of silver halides contacted with cyanine dye. It is

expected that the cyanine dye, after absorbing the photon
energy will transfer the electron from its S1 state to the
conduction band of silver halides. Then a sensitized
luminescence of silver halides will emit by the transition

of the electron from the conduction to the valence band of

silver halides.2

References:
1. D. u. Dexter, J. Chem. Phys. 21, 836 (1953)
2. H. Hediger, P. Junod, and R. Steiger, J. of Lum. 24, 881

(1981)
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APPENDIX

EVALUATION OF DONOR INTEGRAL

() t
D =N, PDI e
r&,CTb Io 0

P (- =3, T~ Xn, AT

DIMENSION VAL (4000), X(4000)
DEFINE (RD,0.012) #VIBRATION DECAY RATE

DEFINE(ADA, 17.5) #RATIO OF ABSORPTION OF DONOR TO ACCEPTOR
DEFINE(GD, 6.6E-4) #TOTAL DECAY RATE EXCEPT TRANSFER

DEFINE (PAN, 1.412E-4) $ CONSTANT

DEFINE (CA, .0025) # CONCENTRATION OF ACCEPTOR
DEFINE (RO, 40) #$CRITICAL DISTANCE BETWEEN DONOR
ACCEPTOR

COMMON T, TAUD

EXTERNAL F

DOUBLE PRECISION FILNAM

TYPE 1 ; 1 FORMAT (2X, "ENTER TAUD(NS)"')
ACCEPT 2,TAUD ; 2 FORMAT(1G)

TYPE 3 ; 3 FORMAT (2X, 'ENTER TIME (PS)"')
ACCEPT 2,TI

TYPE 4 ;4 FORMAT(2X, 'ENTER OUTPUT DATA FILENAME')
ACCEPT 5,FILNAM ; 5 FORMAT(Al0)

CALL OFILE(21,FILNAM)

FOR(I=1;I < =TI;I=I+]l)

{

T=FLOAT (I) -1

dT



50

IF(T < 0.)BREAK

CALL QUAD(F,0.,T,1.0E-4,AND,ER) $PORT ROUTINE FOR
INTEGRAL

X(I)=T

VAL(I)=1*ADA*RD*ANS

WRITE(21,50)X(I),VAL(I)

FORMAT(2F)

)|

CALL RELEASE(21)

STOP

END

FUNCTION F(TAU)

COMMON T,TAUD
ARG=-RD*(T-TAU)-GD*TAU-PAN*CA*RO*RO*RO*SQRT (TAU/TAUD)
F=EXP(ARG)

RETURN

END

A2



$EVALUATION OF ACCEPTOR INTEGRAL

Pt -t
Pt -9t Fat_
P (e htoe ) n, (e V-7

] p *’ “ f: 3, P

90 - D A A

DIMENSION VAL (4000) ,X(4000)
DEFINE(RD,0.0IZ) 4 VIBRATION DECAY RATE
DEFINE(RA,0.012) $VIBRATION DECAY RATE
DEFINE(ADA,17.5) #RATIO OF ABSORPTION OF DONOR TO

ACCEPTOR
DEFINE(GD,6.6E-4) #TOTAL DECAY RATE EXCEPT TRANSFER
DEFINE(GA,13.3E-4)

DEFINE (PAN,1.412E-4) #CONSTANT

DEFINE (CD, .0025)

DEFINE(CA, .0025) # OONCENTRATION OF ACCEPTOR
DEFINE (RO,40) #CRITICAL DISTANCE BETWEEN DONOR )
ACCEPTOR

DOUBLE PRECISION FILNAM

TYPE 1 ; 1 FORMAT (2X, 'ENTER TAUD')

ACCEPT 2,TAUD ; 2 FORMAT(1G)

TYPE 3 ; 3 FORMAT(2X,'ENTER TI')

ACCEPT 2,TI

TYPE 4 ;4 FORMAT(2X, 'ENTER OUTPUT DATA FILENAME')
ACCEPT 5,FILNAM ; 5 FORMAT(A1l0)

CALL OFILE(21,FILENAM)

FOR(I=1;I<= TI;I=I+l)

(

T=FLOAT(I) -1

IF(T < 0.)BREAK

A3



50

X(I)=T
VAL(I)=RD*ADA*(EXP(-RD*T)~EXP(-GA*T))/(GA-RD)
VAL(I)=VAL(I)+CA/CD*RA*(EXP(-RA*T)-EXP(-GA*T))/(GA~RA)
WRITE(21,50)X(I),VAL(I)

FORMAT ( 2F)

]

CALL RELEASE(21)

STOP

END

A4



#EVALUATION OF ACCEPTOR INTEGRAL

_ht (fp-35)2- “"nﬁ?""
([=fe ) hee [faze !
A -

DIMENSION VAL (4000) ,X(4000)
DEFINE(RD,0.012) #VIBRATION DECAY RATE
DEVINE (RA,0.012) #VIBRATION DECAY RATE
DEFINE(ADA,17.5) #RATIO OF ABSORPTION OF DONOR TO ACCEPTOR
DEFINE(GD,6.6E-4) #TOTAL DECAY RATE EXCEPT TRANSFER
DEFINE(GA,13.3E-4)
DEFINE (PAN,1.412E-4) $CONSTANT
DEFINE(CD, .0025)
DEFINE (CA, .0025) #CONCENTRATION OF ACCEPTOR
DEFINE(RO,40) #CRITICAL DISTANCE BETWEEN DONOR ) ACCEPTOR
COMMON T, TAUD
EXTERNAL F
DOUBLE PRECISION FILNAM
TYPE1l ; 1 FORMAT (2X, 'ENTER TAUD')
ACCEPT 2,TAUD ; 2 FORMAT(1G)
TYPE 3 ; 3 FORMAT (2X,'ENTER TI')
ACCEPT 2,TI
TYPE4 ;4 FORMAT(2X, 'ENTER OUTPUT DATA FILENAME')
ACCEPT S5,FILNAM ; 5 FORMAT(Al0)
CALL OFILE(21,FILNAM)
FOR(I=1;1I< =TI;I=I+l)
(
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T=FLOAT(I)-1

IF(T < 0.)BREAK

CALL QUAD(F,0.,T,1.0E-4,ANS,ER) #PORT ROUTINE FOR
INTEGRAL

X(I)=T

VAL(I)=-~(RD-GD)/(RD-GA)*ADA*RD*ANS
WRITE(21,50)X(I),VAL(I)

FORMAT(2F)

)

CALL RELEASE(21)

STOP

END

FUNCTION F(TAU)

COMMON T,TAUD
ARG=-RD*(T-TAU)-GD*TAU-PAN*CA*RO*RO*RO*SQRT(TAU/TAUD)
F=EXP(ARG)

RETURN

END
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$§EVALUATION OF ACCEPTOR INTEGRAL

. ( ;i.,- PD)"D b 6 e-&tftd?e(&-s.,)?- 5n, (war
A~ To °

DIMENSION VAL (4000) ,X(4000)

DEFINE(RD,0.012) $ VIBRATION DECAY RATE

DEFINE (RA,0.012) $VIBRATION DECAY RATE

DEFINE (ADA,17.5) $RATIO OF ABSORPTION OF DONOR TO

ACCEPTOR

DEFINE(GD,6.6E-4) #TOTAL DECAY RATE EXCEPT TRANSFER
DEFINE (GA,13,3E-4)

DEFINE (PAN,1.412E-4) #CONSTANT

DEFINE (CD, .0025)

DEFINE (CA, .0025) #$ CONCENTRATION OF ACCEPTOR

DEFINE (RO,40) #CRITICAL DISTANCE BETWEEN DONOR) ACCEPTOR
COMMON T,TAUD

EXTERNAL F

DOUBLE PRECISION FILNAM

TYPEl ; 1 FORMAT (2X,'ENTER TAUD')

ACCEPT 2,TAUD; 2 FORMAT(1G)

TYPE 3 ; 3 FORMAT (2X,'ENTER TI')

ACCEPT 2,TI

TYPE 4 ;4 FORMAT(2X, 'ENTER OUTPUT DATA FILENAME')
ACCEPT 5,FILNAM; 5 FORMAT(Al0)

CALL OFILE(21,FILNAM)

FOR(I=1;I < =TI;I=1+])

(
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T=FLOAT(I)-1

IF(T < 0. )BREAK

CALL QUAD(F.0.,T,1.'0E-4,ANS,ER) #PORT ROUTINE FOR
INTEGRAL

X(I)=T

VAL(I)=(RD-GD)/(RD-GA)*ADA*RD*ANS
WRITE(21,50)X(I),VAL(TI)

FORMAT(2F)

)

CALL RELEASE(21)

STOP

END

FUNCTION F(TAU)

COMMON T,TAUD

ARG=-GA* (T-TAU)-GD*TAU-PAN*CA*RO*RO*SQRT ( TAU/TAUD)
F=EXP(ARG)

RETURN

END
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EVALUATION OF ACCEPTOR INTEGRAL

~9t rt (9, -%0- £In raz
_.)1p f; P’e? A J[ <J1b e 4 3 4 TAT

DIMENSION VAL (4000) ,X(4000)

DEFINE(RD,0.012) #VIBRATION DECAY RATE

DEFINE (RA,0.012) #$VIBRATION DECAY RATE
DEFINE(ADA,17.5) $RATIO OF ABSORPTION OF DONOR TO
ACCEPTOR

DEFINE(GD,6.6E-4) #TOTAL DECAY RATE EXCEPT TRANSFER
DEFINE(GA,13.3E-4)

DEFINE(PAN,1.412E-4) #CONSTANT

DEFINE (CD, .0025)

DEFINE(CA, .0025) #CONCENTRATION OF ACCEPTOR
DEFINE(RO,40) 4#CRITICAL DISTANCE BETWEEN DONOR) ACCEPTOR
COMMON T, TAUD

EXTERNAL F

DOUBLE PRECISION FILMNAM

TYPE 1 ; 1 FORMAT (2X, 'ENTER TAUD')

ACCEPT 2,TAUD ; 2 FORMAT(1G)

TYPE 3 ; 3 FORMAT (2X,'ENTER TI')

ACCEPT 2,TI

TYPE 4 ;4 FORMAT(2X, 'ENTER OUTPUT DATA FILENAME')
ACCEPT 5,FILNAM; 5 FORMAT(A1l0)

CALL OFILE(21,FILNAM)

FOR(I=1;I < =TI;I=I+l)

(
A9
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T=FLOAT(I)-1

IF(T < 0.)BREAK

CALL QUAD(F,0.,T,1.0E-4,ANS,ER) #PORT ROUTINE FOR
INTEGRAL

X(I)=T

VAL(I)=-ADA*RD*ANS

WRITE(21,50)X(I),VAL(I)

FORMAT(2F)

]

CALL RELEASE(21)

STOP

END

FUNCTION F(TAU)

COMMON T,TAUD

ARG=-GA* (T-TAU)-GD*TAU-PAN*CA*RO*RO*RO*SQRT (TAU/TAUD)
F=EXP(ARG)

RETURN

END

Alo



DOUBLE PRECISION FILNAM,TYT

6000

100

6500

200

10

15

7000

DIMENSION X(4000),Y(4000),VAL(4000)
TYPE 6000
FORMAT(2X, 'INPUT THE TITLE')
ACCEPT 100,TYT
FORMAT(Al10)
TYPE 6500
FORMAT(2X, '"ENTER TI')
ACCEPT 200,TI
FORMAT(F)
FOR(I=1;I < =TI;I=I+l)
(
VAL(I)=0
)
TYPE 10
FORMAT(2X, 'ENTER NO. OF FILE')
ACCEPT 15,N
FORMAT(I4)
REPEAT
(
TYPE 7000
FORMAT(2X, "ENTER THE INPUT DATA FILE')
ACCEPT 100,FILNAM
CALL IFILE(20,FILNAM)
All



150

30

80

I=0

I=I+1
READ(20,150,END=2)X(1I),Y(I)
VAL(I)=VAL(I)+Y(1I)

GO TO 1

NP=I-1

CALL RELEASE(20)

FORMAT (2F)

N=N-1

IF(N==0.)BREAK

]

TYPE 30

FORMAT(2X, 'ENTER THE OUTPUT FILENAME"®)
ACCEPT 100,FILNAM

CALL OFILE(21,FPILNAM)
POR(I=1;I < =TI;I=I=])
(
WRITE(21,80)X(1I),VAL(I)
PORMAT (2F)

)

CALL RELEASE(21)

STOP

END

Al2



