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A detailed experimental examination of the dynamics of energy transport and trapping in two component
systems, using rhodamine 6G (R6G) as the donor and malachite green (MG) as the trap in both glycerol and
ethanol solvents, is presented. The experiments were performed using fluorescence mixing and ground state
recovery techniques providing temporal resolution of ~ 50 ps. Samples ranging from high trap-low donor
concentrations (the Forster limit) to the opposite regime of high donor and low trap concentrations, were
studied. These results were compared with no adjustable parameters to the recent theoretical work of Loring,
Andersen, and Fayer (LAF). The excellent agreement between theory and experiment over the entire donor-
trap concentration range confirms the theoretical results of LAF and yields a comprehensive description of
excited-state dynamics in solution. A variety of dynamic properties are calculated using the LAF theory and

the measured parameters associated with R6G-MG system.

I. INTRODUCTION

The radiationless transport of electronic excitations
in random systems has been actively studied for over
50 years.! The understanding of this problem has had im-
portant ramifications in other areas of research such
as sensitized fluorescence, ? sensitized photochemis-
try,® solar energy collection, * and in the study of the
initial light harvesting steps of photosynthesis.®

Theoretical problems associated with excited state
transport phenomena have both quantum mechanical and
statistical mechanical aspects. Forster® and subse-
quent workers?” have accurately related spectroscopic
observables to the intermolecular interactions and
transfer rate between a pair of molecules imbedded in
a high temperature medium. However, it is the inter-
play of intermolecular interactions among a large num-
ber of molecules that determines the nature of excited
state transport in solution. In any microscopic volume,
there is a fixed spatial arrangement of atoms or mole-
cules which controls the local time evolution of energy
transport. A macroscopic solution contains an infinite
collection of all possible local environments. Thus,
the time resolved observables of energy transport in
solution are ensemble averages over an infinite number
of dynamic systems.

Forster treated this many-body problem in two im-
portant limiting cases. The first, which we will refer
to as the Forster limit, involves two component ensem-
bles of donor and trap molecules in the regime of high
trap concentration and near zero donor concentration.
Since each donor is surrounded by many traps, the ex-
citation probability flows directly from a donor to the
traps with no donor-donor transport. This greatly
simplified the problem and allowed an exact theoretical
solution., The basic applicability of this result to an
experimental system investigated on a picosecond time
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scale was first demonstrated by Rehm and Eisenthal.®
(They examined the system rhodamine 6G and malachite
green in glycerol which will be discussed extensively
below.) The second case treated by Forster® was the
long time behavior of strictly donor-donor transfer.
Forster modeled the solution as a periodic array. Using
a truncated Taylor series expansion, he obtained a dif-
fusion equation for the excitation probability and an ex-
pression for the diffusion constant.

Although the Forster theory is useful within its re-
strictions, it is not extendable to other concentration
regimes. This has been suggested by a recent pico-
second study by Millar, Robbins, and Zewail.® Many
types of systems of experimental interest occur outside
the long time or low donor concentration limits, Trans-
port among chromophores in polymer coils and eventual
trapping by eximers!® (e.g., polyvinyl naphthalene),
transport and trapping in photosynthetic units, 5 ruby
crystals, 1! or concentrated dye solutions, '? the short
time behavior of transport among identical molecules
in nonperiodic media, '* and similar problems involving
electron transport, !* are but a few examples of impor-
tant current problems requiring a broader understanding
of transport phenomena in disordered systems,

In this paper, we present a detailed experimental ex-
amination of the dynamics of electronic excited state
transport in two component, donor-trap systems. The
experiments were performed using a fluorescence mix-
ing technique which provided ~50 ps time resolution.

In conjunction, transient grating and probe pulse methods
were also employed. Samples ranging in concentration
from the Forster limit to the opposite situation (high
donor-low trap concentrations), in which multiple donor-
donor steps become important, were studied.

By examing full ranges of concentration and using
recent theoretical advances, ¥ a detailed understanding
of the nature of excitation transport in random systems
emerges, For example, excited state transport is found
to be nondiffusive, i.e., the mean-square-displacement
(MSD) of the excitation does not increase linearly in
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time. In single component systems (donor-donor trans-
port only), the MSD increases faster at short times and
asymptotically approaches diffusive behavior at long
time. In two-component systems, this is further af-
fected by the traps. Properties such as the decay of
excitation probability on the initially excited molecule,
the time evolution of excited donor and trap populations,
the time dependent MSD, and the asymptotic value of

the diffusion constant can be theoretically calculated.

By more fully understanding excited state transport
and trapping in a randomly distributed solution system,
we have come close to completing a 50 year old task.
The insights gained on solution systems should have
important influences in other areas such as mixed crys-
tals and polymer excited state dynamics.

Il. THEORY

In this paper, we present the results of time resolved
donor fluorescence and donor ground state recovery
studies using Rhodamine 6G (R6G) as the donor and
malachite green (MG) as the trap in both ethanol and
glycerol solvents. These results are compared in de-
tail to the recent theoretical work of Loring, Andersen,
and Fayer (LAF)!® on transport and trapping in disor-
dered systems.

In the last several years there has been considerable
theoretical progress in the area. Haan and Zwanzig'®
addressed the problem of donor-donor transport in a
one-component system using a density expansion tech-
nique. Their theory was restricted to low concentra-
tion or short times. Gochanour et al.'” expanded upon
their work., Using a diagrammatic expansion, they were
able to obtain an accurate approximation to the Green
function solution of the master equation. The diagram-
matic solution, which contains summations of infinite
order sets of diagrams, is good at all times and over a
wide range of concentrations. It remains well behaved
at very high concentrations, although the accuracy of
the approximation is reduced. At about the same time,
similar results were obtained by Godzik and Jortner, 8@
and Klafter and Silbey, *® using a continuous time ran-
dom walk formalism,

Loring, Andersen, and Fayer extended the diagram-
matic approach of Gochanour et al. to two-component

]
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systems composed of donors and traps.!® Again an
accurate approximation for the Green function solution
to the system’s master equation is obtained. The LAF
results permit calculation of experimental observables
at all times and for any combination of donor and trap
concentration. It reproduces the Forster limit results
in the regime of very low donor concentration and high
trap concentration. It recovers the results of Gochanour
et al. in the opposite limit, i.e., high donor concentra-
tion and zero trap concentration. For intermediate
cases the LAF treatment provides an accurate descrip-
tion of transport and trapping in disordered systems.
Comparison to the work of Huber, ** who used a coherent
potential approximation to obtain results for a more
restricted set of conditions, shows excellent agreement,

In the experiments described below, the time depen-
dent excited donor population is monitored. Thus we
need an expression for G?(#), which is the part of the
Green function which gives the time dependent probabil-
ity of finding an excitation in the donor ensemble, given
that an excitation is created in the donor ensemble at
t=0. At very low donor and trap concentrations, there
is no transport and trapping. In more concentrated
systems, the decay of G”(¢) will be determined by the
transport dynamics which depends on the donor and trap
concentrations and the strengths of the donor-donor and
donor—trap interactions. The theoretical development
of LAF gives an expression for G®(¢) in Fourier and
Laplace transform space, i.e., G°(k, €), where & is
the Fourier transform variable associated with distance
and € is the Laplace transform variable associated with
the time #. The desired result, the k=0 limit of G°(k, ¢),
is given by

____[e@F
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where és(e) (a diagrammatic series) is the probability
of finding the excitation on the initially excited donor
molecule and A[0, G%(¢)] is another diagrammatic series
defined in Ref. 15.

Loring, Andersen, and Fayer provide expressions
for the two infinite series needed to evaluate Eq. (1).
The expression for G%(€) is given by
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where

Cp=4mREP’p, (32)
and

Cr=4nREp, . (3b)

Cp and Cp are the reduced concentrations and pp and
py are the number densities for donors and traps, re-
spectively. RJ® (donor—donor) and R57 (donor-trap)
are lengths which characterize the excited state inter-
molecular transfer interactions.® « and B are functions
which depend only on RJT/RJP. These functions have
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been tabulated.!® v is an orientation factor which is
determined by the angular dependence of the intermo-
lecular interaction. For a dipole-dipole interaction,
there are two limiting cases. If the molecules are in
fixed random orientations ¥ =0.846, If the molecules
are rotating on a time scale rapid relative to the char-
acteristic times involved in the transport y =1. (This
factor is discussed in more detail in Sec. IV.) 7, is
the excited state lifetime of the donor in the absence of
trapping.

The expression for A(0, €) is given by
- T _ ~
A0, €) =5 5 ¥Co 73 * G ?

S
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The parameters in Eq. (4) are defined above,

Equation (1) with Eqs. (2) and (4) give the expression
for GP(¢), the Laplace transform of the probability of
finding the excitation in the donor ensemble, i.e., of
finding an excitation which has not trapped. This ex-
pression does not include loss of donor probability due
to decay of the donor to its ground state. To obtain an
expression for use in comparison to experiments, 15
first G°(¢) is numerically inverted to give GP(#). GP(f)
is then multiplied by a decaying exponential to account
for the donor excited state lifetime, i.e.,

N°(t)=GP(t) e /™, (5)

where NP(¢f) is the number of excited donor molecules
as a function of time. N?(¢) is directly proportional to
the time resolved fluorescence decay, the experimental
observable in the fluorescence mixing experiments. It
is also the observable in the transient grating and probe
pulse experiments discussed below.

1. EXPERIMENTAL

Fluorescence mixing, transient grating, and probe
pulse techniques were used to study the donor dynamics.
All three utilized the same 500 Hz repetition rate acous-
to-optic, @-switched, mode-locked, Nd-YAG system,
but with different external components. The laser sys-
tem provides spatially and temporally Gaussian 1.06 u
single pulses (TEMy,) with pulse durations of 138 +4 ps
and energies of ~45 pJ. This single pulse can be con-
verted to produce a 0.532 1 (105 ps) single pulse and/or
0.355 1 (80 ps) single pulse. Shot-to-shot fluctuations
were ~3% and long term laser power drift was less than

1%.

The fluorescence mixing experiment is illustrated
schematically in Fig. 1. With this technique, the 0.532
1 single pulse is used to excite the sample, The result-
ing fluorescence is collected by an achromatic lens and
focused collinear with the IR single pulse into an RDP
type I summing crystal. Only the fluorescence com-
ponent polarized parallel to (and coincident in time with)
the 1.06 u single pulse sums to produce UV, ~0.390 u.
The intensity of the UV is proportional to the fluores-
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EXPERIMENTAL SETUP
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FIG. 1. Time resolved fluorescence mixing experimental set

up. The laser system consists of a 500 Hz repetition rate,
acoustooptically mode-locked and @-switch Nd : YAG laser.
The sample is excited by a 0.532 ¢ Nd: YAG second harmonic
single pulse., The resulting fluorescence which is time coinci-
dent in the summing crystal with a 1.06 4 Nd: YAG fundamental
pulse is summed to produce a UV signal pulse which is pro-
portional to the fluorescence at that time. The motorized delay
line provides temporal resolution by varying the time between
the sample excitation and the fluorescence summing.

cence at that time. The excitation pulse was polarized
at 54.7+0,5° (the magic angle) with respect to the IR
single pulse and the RDP crystal axis to eliminate fluo-
rescence depolarization effects arising from molecular
rotation??@:20® op excited state transport.!® The donor
decay is time-resolved by varying the delay between

the 0.532 p pulse and the 1.06 g summing pulse with a
motorized delay line. The upconverted fluorescence
signal is detected, after selectively filtering (Fig. 1),
by a cooled photomultiplier (EMI 6256).

Transient grating experiments®! were performed with
both 0.532 and 0.355 i pulses as excitation, The ex-
citation pulse is beam-split by a 50% reflector, and the
resulting two pulses are recombined at an angle in the
sample to form an interference pattern., The extent of
optical absorption as a function of spatial position mim-
ics the interference pattern, The spatially periodic
distribution of excited states acts as a holographic dif-
fraction grating. A 0.532 u probe pulse, brought in at
the appropriate angle for Bragg diffraction, measures
the difference in the optical density between the grating
peaks and nulls. This is proportional to the excited
state population. In this experiment the 0.532 u probe
pulse is variably delayed. The probe pulse was polar-
ized at the magic angle to eliminate depolarization in-
fluences on the signal.

Probe pulse experiments were performed in the usual
manner? with either 0.532 or 0.355 u excitation pulses
and 0.532 p probe pulses. The excitation beam is
chopped at one-half the laser repetition rate, and the
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difference in probe pulse transmission is measured as
a function of probe pulse delay.

In all experiments, fluorescence mixing, transient
grating and probe pulse, the signal from the photode-
tector was amplified with a lock-in amplifier. The out-
put of the lock-in and voltage proportional to the delay
distance (which is proportional to the delay time), were
digitized and stored on disk, This facilitated direct
comparison of theory and experiment.

The donor, laser grade rhodamine 6G chloride (Pilot
Res.), and the trap, malachite green oxalate (Eastman
Kodak ~99% pure), were used without further purifica-
tion. Solutions of R6G and MG were prepared in both
spectroscopic ethanol and glycerol (< 0.05% H,0, Fisher)
and used within an hour of preparation, Samples were
studied in a rotating cell to avoid heat and photodecom-
position problems. The cell thickness was adjustable
from 1 to 300 p. Sample thickness studies were made
to ensure that reabsorption did not influence the experi-
mental results. It was found that an optical density of
0.06 or less, at 0,532  would eliminate reabsorption
problems in the system studied. The intensity of laser
excitation was attenuated by a series of neutral density
filters until stimulated emission and other power-de-
pendent effects were eliminated. For the focusing pa-
rameters used, the excitation intensity was typically
less than 2x 10! photons/cm?.

The spectroscopic measurements of RS? and R)T were
determined by the spectral overlap method of Férster.®
Fluorescence spectra of R6G were recorded and digi-
tized with a computer interfaced Spex 1870 1/2 m mono-
chromator equipped with an EMI 9658 photomultiplier.
Corrections were made for the monochromator and
photomultiplier tube wavelength response using a black-
body radiation lamp of known color temperature. Di-
sodium fluorescein in H,O was used as the quantum yield
standard? (pH =13) and the excitation wavelength of
0.465 1 (100 A bandwidth) was isolated by an interfer-
ence filter from the output of 100 W Xe-arc lamp, In-
dex of refraction effects were taken into account.®
Absorption spectra of both R6G and MG were recorded
with a computer interfaced Cary 14 spectrometer. The
digitized absorption and fluorescence data were used to
numerically calculate the absorption—emission overlap
integral.

In the presence of traps, excited donor decay curves
are nonexponential. For finite duration excitation and
detection pulses, a detailed comparison of experiment
and theory requires that the theoretical function be con-
volved with known pulse shapes. The necessary convo-
lution integrals for fluorescence mixing, transient
grating, and probe pulse experimental techniques have
been given previously. 1324

IV. RESULTS AND DISCUSSION

The time resolved fluorescence mixing data for a di-
lute (1X10™* M) ethanol solution of R6G is shown in Fig.
2. This concentration is so low that excited state trans-
port is negligible.!®* The solid curve drawn through the
data represents an exponential decay, appropriately
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FIG. 2. Time-resolved fluorescence mixing data for a low
concentration sample (1x10™ M) of R6G in ethanol. This and
data from other low concentration samples yield a lifetime of
3.71+0.04 ns. The solid curve running through the data was
calculated by appropriately convolving an exponential decay
with the excitation and detection pulse profiles. The agreement
at this concentration and at higher concentrations (R6G=1x107
M) demonstrate that depolarization effects arising from rota-
tion or donor—donor energy transport have been eliminated by
exciting the sample at the magic angle (54.7°). The agreement
between the data and the calculated curve also shows that the
convolutions are handled accurately and that the experiment

is free of artifacts at t=0.

convolved with the pulse durations of the 0.532 p exci-
tation pulse and 1,06 y summing pulse. From these
measurements, the lifetime of R6G is 3.71 0,04 ns.
The same results were found for higher concentrations
(1x107° M). The excellent agreement between the con-
volved calculated curve and the data demonstrates that
the fluorescence mixing technique is free of artifacts.
Fluorescence depolarization due to molecular rotation
and donor—donor energy transport can have dramatic
effects on curve shapes. !*?® The imperceptible devia-
tion from an exponential decay indicates the magic an-
gle, 54.7° between the excitation and detection polar-
izations, properly eliminates depolarization effects
from the data. Figure 2 also serves as a reference
measurement of the extent of agreement possible be-
tween convolved theoretical decays and experiment,

Given 75, the only remaining parameters in the LAF
theory are RJT and RJ®. These were determined in-
dependently from the overlap of the fluorescence and
absorption spectra of R6G with MG, and R6G with R6G,
as discussed in Sec., III. As a first test of procedures
and to confirm the spectroscopic measurements, the
Forster limit was studied and BT was obtained. The
results of the fluorescence mixing studies are shown in
Fig. 3(a). The MG concentrations were varied from
5x10™ M to 3%10™ M with R6G concentrations of 1x10™*
M. Higher concentrations of MG than 3%x10% M ab-
sorbed almost all the fluorescence, making the signal
to noise ratio too low to be useful. The solid lines
through the data were obtained by convolving Eq. (5)
with the excitation pulse and then convolving this result
with the detection pulse at various times in the decay.
The reduced donor concentration was Cp =0, 02 (no do-
nor~donor transport) and the orientational factor y was
taken to be unity. R§T was used as an adjustable param-
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(a) Forster [limit
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FIG. 3. Time-resolved fluorescence mixing data for R6G-MG
ethanol solutions (a) The Forster limit. The R6G concentra-
tion is low (1x10™ M) and the MG concentrations (indicated)
are high. Only donor to trap energy transport occurs. The
solid curves through the data were calculated using RPT as an
adjustable parameter. For all curves, Rﬁ” is 58+1 A. The
sensitivity of the calculation to RPT is illustrated by the two
solid lines for the 3x 10 M data. The upper solid line was
calculated with RPT=57 A while the curve through the data has
RPT=58 A. The time-resolved measurement of RPT agrees
well with the spectral overlap measurement of 59+ 1 A. (b)
High donor concentration systems. At this R6G concentration
(3x107%) the effects of donor—donor energy transport become
appreciable. This can be seen by comparing the curves in (a)
and (b) with the same MG concentration. The solid curves
through the data were calculated with the LAF theory without
adjustable parameters using the independently determined
values of R(f”, RODD, and 7. The agreement between theory and
experiment over the MG concentration range studied is excel-
lent.

eter to obtain the calculated curves in Fig. 3(a). All
the concentrations were fit with a single value of R
=58+1 A. The accuracy of this measurement is dem-
onstrated in Fig. 3(a) for the MG concentration of
3x10™® M. The top solid curve is calculated with an
RODT of 57 A while the curve running through the data
has an RZ7 of 58 A. The calculated curve with R27 =59
A (not shown) is symmetrically displaced from the 58 A
curve. The measurement of RDT (=58 A) is in excellent
agreement with the spectral measurement which found
RPT-59+1 A. The close agreement between the spec-
troscopically determined value of RJT and the time re-
solved measurements over a wide range of concentra-
tions supports the accuracies of the determinations. It
also demonstrates that it is sufficient to describe trans-
port in this system in terms of a dipole—dipole interac-
tion since the spectroscopic measurement gives only

the dipole contribution but the time dependent measure-
ment would be influenced by higher multipole terms as
well,

The value of RJT as reported above is not in close
agreement with the value of 52.5+0.5 A determined by
Porter and Tredwell.?® To check for systematic errors
in our time resolved measurements, we repeated the
Forster limit concentration studies using transient grat-
ing and probe pulse techniques at two different excita-
tion wavelengths, 0.532 and 0.355 . The results were
very close to those obtained from the fluorescence mix-
ing experiments with the probe pulse and transient grat-
ing measuring RPT=57+1 A and RPT=58+2 A, respec-
tively. The difference in the Porter and Tredwell re-
sults are probably due to reabsorption effects. Porter
and Tredwell used samples with path lengths of 200 p
for 10" M R6G solutions, For the same concentration,
we found it necessary to use path lengths of less than
125 y. The thicker samples gave data which decayed
significantly slower than the data obtained in the limit
of an optically thin sample. Porter and Tredwell’s R6G
lifetime measurements of 4.2+ 0.2 ns also show the ef-
fects of reabsorption as it is significantly longer than
the 3. 71 ns lifetime we obtained with fluorescence mix-
ing experiments. The fluorescence mixing experiments
were confirmed by probe pulse and transient grating
measurements which measured 7,=3.7+0.1 ns and 7,
=3.65+0.05 ns, respectively.

Figure 3(b) displays fluorescence mixing data for a
series of experiments on the general transport and trap-
ping problem in which the donor concentration and do-
nor—donor transport are significant. The curves are
for fixed R6G donor concentration. The solid lines
thvough the data arve calculated using Eq. (5) with no
adjustable pavameters. The following values of the pa-
rameters were employed 7, =3.71 ns, RE7 =58 A, vy
=1.0, R =55 A, «=0.244 and 3=0.548. The values
of 75, RET, and y are discussed above, RO” is taken
from recent spectroscopic measurements, *® and a and
B are from those tabulated by LAF. The agreement be-
tween experiment and theory is very good. Equally good
agreement was obtained for systems in which the R6G
concentration was 2X10° M and 1xX107° M. The effect
of donor-donor transport is significant as can be seen
by comparing the results in Fig. 3(b) to the Forster
limit results having the same MG concentrations. For
example, T, (the time required for the signal to fall to
1/e) for 1x10™° MG samples in the Forster limit is ~2
ns [Fig. 3(a)]. The same MG concentration, but with a
R6G concentration of 3x107° M, has a 7,,, of ~1.4 ns

[Fig. 3(b)].

Trapping by R6G dimers'? was not accounted for in
the calculations. The R6G dimer equilibrium constant
is small and corrections to the donor concentration are
unnecessary. Even at the lowest MG concentrations the
R6G dimer concentration is not significant. This is
supported by the agreement between experiment and
theory for a variety of R6G concentrations.

The experiments described above demonstrate that
the LAF theory is able to account for donor-donor en-
ergy transport and trapping in solution for moderately
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high donor concentrations, i.e., Cp=1. Higher con-
centrations could not be studied using the fluorescence
mixing technique as the sample cell could not be made
thin enough to avoid reabsorption problems.

In order to extend the donor concentration range, we
used the transient grating technique. While the distance
scale associated with reabsorption problems in fluores-
cence mixing or probe pulse experiments is on the order
of the laser spot size, in a transient grating experiment,
the distance is on the order of the interference fringe
spacing (~1 p). This decrease in length greatly reduces
the influence of reabsorption on transient grating mea-
surements, However, there is one drawback in using
the transient grating method in EtOH solutions., The
transient grating excitation generates acoustic waves in
addition to electronic excitations. The laser induced
acoustic waves imposed a 5% sinusoidal modulation on
the signal. This effect has been well characterized. %’
Despite the laser induced acoustic waves, transient
grating studies showed excellent agreement with the
LAF theory. The theory correctly predicted the curve
shapes up to the highest donor concentration studied
(Cp~3) and over the entire MG concentration range (2
X107 - 2x107* M).

There are two possible additional factors associated
with a low viscosity solvent such as EtOH that need ad-
dressing, although their net effect on these experiments
is negligible. Several authors have predicted that physi-
cal bulk diffusion of the donor and trap molecules through
the solution can influence the excited state dynamics in
the Forster 1imit®® and presumably at higher donor con-
centrations as well. Also R6G and MG do not rotate at
a fast enough rate compared to the transport rates to
completely justify the use of the angle averaged inter-
action strength, i.e., the orientational factor should be
somewhat less than unity; y<1.

In these experiments, no hint of bulk diffusion effects
could be detected. The Forster limit yielded a consis-
tent RJ%, within 1 A over the range of concentfrations
studied, Bulk diffusion effects should manifest them-
selves most clearly as deviations from the predicted
concentration and time dependence, However, as Fig.
3(a) illustrates, the agreement is near perfect for all
concentrations, Recently, it has been reported® that
there are significant diffusion effects in systems in-
volving azulene, a small molecule, as the trap in MeOH,
The diffusion constant for azulene, assuming a Stokes-—
Einstein relation®? is much larger than MG or R6G.

In ethylene glycol where the azulene diffusion length /

to R, ratio is the same as for MG with R6G in EtOH
(1/Ry ~1/3), bulk diffusion effects were undetectable.

It is therefore reasonable to conclude that for the sys-
tems studied here, the effect of the small amount of bulk
molecular diffusion of donor and trap molecules is neg-
ligible.

The orientational factor y has been treated by Bojar-
ski and Dudkiewicz®® for the regime intermediate be-
tween rapidly rotating molecules and static molecules.
From this work and the known rotation times of R6G
and MG, #®"25 y should be ~0.95. The difference be-
tween the true y factor and the y for free rotation has

5143

Forster [limit
(a)

R6G in glycerol, 10" M

T T T T T

O I 2 3 4 time(ns)

104
1 in glycerol, 3.10° M
5/
g MG :
] 2. /o':
] ‘/5.-/0_3 M
10) 1,10
0 I 2 3 4 timel(ns)
FIG. 4. Time-resolved fluorescence mixing results for

R6G-MG glycerol solutions. (a) The Forster limit. The solid
curves through the data were calculated as in Fig. 3a with
7p=3.17 and y=0.846. RJT was determined to be 54=1 A.
The sensitivity of the determination is shown by the two curves
for the 3x10% M MG data, The upper curve is for Rf¥ =53 &
and the lower curve is for R§? =54 A. This result agrees well
with the spectral overlap measurement of 56 +1 A High
donor concentration systems, The solid curves through the
data were calculated without adjustable parameters using the
LAF theory. The agreement is excellent over the MG con-
centration range and for a variety of other R6G concentrations
(not shown),

been absorbed in the time-resolved R2T determinations.
Therefore, the discrepancy between the actual ¥ factor
and unity is of no consequence for RJT and will be within
experimental error for Rg”. In fact, if the value pre-
dicted by the theory of Bojarski and Dudkiewicz is used,
R2T becomes 59 A which is in better agreement with the
spectral determination of R27,

To further test the validity of the results presented
above, we studied the same concentration ranges of
R6G and MG using glycerol as the solvent. Glycerol is
extremely viscous and on the time scales of interest for
these experiments the rates of bulk molecular diffusion
and molecular rotation can be taken to be zero. The
R6G lifetime 7, was determined from fluorescence mix-
ing studies of a number of dilute glycerol solutions (~5
%10 M), tobe 3.17£0.05 ns. This is in good agree-~
ment with a previously reported value of 3.1+0.1 ns.?
The RJT was determined from time resolved donor de-
cays in the Forster limit. The results from the fluo-
rescence mixing studies of the Forster limit are shown
in Fig. 4(a). They yield RPT=54+1 A, while transient
grating and probe pulse experiments found R =54+2
and 55+2 A, respectively. The measured RE7 of 54
+1 A isin good agreement with a previous time resolved
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measurement of 53 +1 A made by Rehm and Eisenthal,®
and with our spectral overlap measurement of 56+1 A.

R{,’D has been previously measured in glycerol, using
the same time resolved fluorescence mixing technique,
in a study of donor—donor energy transport induced fluo-
rescence depolarization.'® Molecular rotation prevents
similar experiments in ethanol. The fluorescence mix-
ing experiment gave a value of 502 A which compares
favorably with a recent spectroscopic determination of
521 A,%

The fluorescence mixing results for R6G-MG glycerol
solutions (Cp ~1) are shown in Fig. 4(b). The solid
curves are again calculated from Eq. (5) with the con-
stants 7,=3.17 ns, RET=54 A, RP? =50 A, y=0.848,
a=0.247, and $=0.558. The experiments and theory
are compared with no adjustable parameters. Agree-
ment similar to that displayed in Fig. 4(b) was also
found for other donor concentrations, i.e., Cp,=0.7
(2%10"% M) and C,=0.3 (1X10® M). The close agree-
ment between experiments and theory for the R6G and
MG mixtures in glycerol solvent is further support for

1oy (@

FIG. 5. (a) G5(t), the probability of an excitation being found
on the originally excited donor molecule calculated using the
LAF theory for R6G-MG systems. (The decay due to R6G
excited state lifetime has been removed from the calculation
to more clearly illustrate transport effects.) The loss of ex-
citation probability from the original molecule is dominated by
donor—donor transport until the trap concentration becomes
comparable to the donor concentration, i.e., Cp~1. (b) An
illustration of the importance of back transfer in excited state
transport dynamics. The upper curve involves donor—donor
transport only (Cp=1, Cp=0). Back transfer tends to main-
tain probability on the initially excited molecule. The lower
curve involves donor to trap transport only (Cp=0, Cp=1)for
which there is no back transfer, and therefore G*(t) decays
faster even though the overall reduced concentration (C=1)

is the same for the two curves.
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FIG. 6. (a) Theoretically calculated mean-square-displace~

ments of the excitation for the R6G-MG ethanol system using
the LAF theory (two-body approximation Ref. 15). Lifetime
decay is not included. These curves, for a fixed donor con-
entration (Cp=0.5), demonstrate the effect of trapping on

the MSD. The curve with C;=0.0 gives the MSD in the absence
of trapping. When C; =0, the MSD initially increases faster
because of the lack of back transfer from traps. However, at
longer times the MSD for a system with traps reaches a finite
limit as the excitations become immobilized on traps. (b) The
time derivatives of the MSD curves of (a). If the excitation
trasport is diffusive, the time derivative is a horizontal line
6D where D is the diffusion constant. The C;=0.0 curve
indicates nondiffusive behavior in the absence of trapping. The
curve asymptotically approaches the diffusive limit (dashed
line) at long time. The curves with C; = 0 asymptotically
approach zero at long time, i.e., transport comes to a halt.

the applicability of LAF theory to transport and trapping
in this type of system and confirms the validity of ne-
glecting the effects of bulk molecular diffusion and the
deviation of y from unity in experiments using ethanol as
the solvent.

V. EXCITED STATE TRANSPORT DYNAMICS IN
RHODAMINE 6G-MALACHITE GREEN SYSTEMS

The transport and trapping experiments described
above are directly related to the time evolution of the
Green function solution to the system’s master equa-
tion, The close agreement between experiment and
theory demonstrates that the LAF diagrammatic pro-
cedure yields an excellent approximation to the Green
function, This knowledge of the Green function permits
any property of the transport system to be calculated.
To provide a better picture of excited state transport
in the R6G-MG systems, three of the important time
dependent parameters are displayed in Figs. 5 and 6.
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The curves were calculated using the constants of the
R6G-MG ethanol solutions determined experimentally
above.

Figure 5(a) shows calculations of G*(¢) for a donor
concentration of C,=2.5, and various trap MG concen-
trations ranging from Cr=0to C;=1.0. G*¢), the
probability of finding the initially excited molecule still
excited at the time # is an important physical property
of the system. It is also central in the theoretical treat-
ment as can be seen from Eq. (1) for GP(k ¢). G
would decay even in the absence of transport due to the
excited state lifetime, To illustrate the transport prop-
erties of the system, the effect of lifetime has been re-
moved from G%(¢), i.e., the G°(¢) plotted, is the loss of
probability from the initial molecule because of excited
state transport only. As the trap concentration is in-
creased, G°(¢) decreases more rapidly. Traps have an
effect on G%(¢) which is disproportionate to their number
when compared to the donor concentration. As the do-
nor concentration is increased, G°(¢) will decay more
rapidly because there is an increased rate of leaving
the initial molecule. However, transfer away from the
initial donor to another donor provides the opportunity
for back transfer. Back transfer helps maintain prob-
ability on the initial molecule, i.e., back transfer de-
creases the rate of fall of G°(¢). In contrast, transfer
to a trap prevents further transport and eliminates the
possibility for back transfer, resulting in traps having
a greater effect on G°(¢) than donors, This is demon-
strated in Fig. 5(b) where the reduced trap concentra-
tion, Cr =1, is shown to deplete probability on the ini-
tially excited molecule much more rapidly than an iden-
tical reduced donor concentration, Cp =1,

Figure 6(a) shows calculations of (*(f)}, the ensemble
average mean-square-displacement (MSD) of the exci-
tation in a solution of R6G donors, with and without MG
traps. Again to emphasize the time dependent trans-
port properties, the effect of lifetime has been elimi-
nated. The curve for donor—-donor transport in the ab-
sence of traps (C;=0) is not linear, i.e., the MSD is
not increasing linearly with time. Thus excited state
transport, although incoherent (hopping transport), is
not classically diffusive in the sense that the MSD is
not given by a constant (6D, where D is the diffusion
constant) multiplied by time, As time increases, the
transport approaches diffusive behavior. This can be
seen more clearly from the time derivative of the MSD
shown in Fig. 6(b). The MSD for systems with traps
(CTatO) does not increase indefinitely, but approaches
a finite value as all of the excitations become
trapped and therefore immobile., However, it is in-
teresting to note that the MSD for systems with traps
actually increases faster at very short time than the
system for which C,=0. As discussed in connection
with G°(¢), this is because the traps inhibit back trans-
fer. The initial rate of increase of the MSD is some-
what slowed by the back transfer, and therefore sys-
tems with traps initially have a faster increase in the
MSD. However, at longer times traps prevent con-
tinued transport, and systems with C, =0 will have a
greater MSD.
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Figure 6(b) shows the time derivatives of the MSD,
d[@3(t)))/dt, for the curves displayed in Fig. 6(a). For
C =0, thederivative becomes constant as timeincreases.
The dashed line indicates the theoretically calculated
constant, which is 6D. Thus at short times trans-
port is not diffusive, but becomes diffusive at long
times. Low donor concentration samples (Cp<1, Csp
=0) require many excited state lifetimes to reach diffu-
sive limit and therefore transport is effectively nondif-
fusive. For systems with C,# 0 transport does not be-
come diffusive at any time. As time increases, the
derivative goes to zero, i.e., the MSD becomes a con-
stant independent of time. For a given C,, the cessa-
tion of transport occurs at earlier times as C; in-
creases.
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