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Spectral diffusion of an electronic transition of solute chromophores in liquid solutions is 
investigated experimentally and theoretically through its influence on electronic excited-state 
transfer (EET). Observation of dispersive EET in liquids (the EET rate depends on the 
excitation wavelength) demonstrates that absorption lines are inhomogeneously broadened on 
a nanosecond time scale in the systems studied although the time scale for homogeneous 
dephasing is tens of femtoseconds, A theory is developed that relates the rate of spectral 
diffusion to the wavelength dependence and temperature dependence of EET. Time- 
resolved fluorescence depolarization measurements are used to measure EET in the systems 
rhodamine B (RB) in glycerol and propylene glycol as a function of wavelength and 
temperature from room temperature (298 K) to 200 K. Comparison with theory permits the 
rates of the solvent fluctuations responsible for spectral diffusion to be determined for 
the two solvents at several temperatures. Measurements are also made of the rates of solvent 
relaxation about the excited RB and of RB orientational relaxation. The results 
demonstrate that the mechanism for spectral diffusion is solvent orientational relaxation 
which causes the initial (time of optical excitation) dipolar field, produced by the solvent at the 
chromophore, to randomize. 

I. INTRODUCTION 

Molecular liquids undergo extremely complex dy- 
namic behavior; both solutes and solvents undergo a vari- 
ety of processes, e.g., translation, rotation, libration, each 
of which occurs on a characteristic time scale. Solutes ex- 
perience the dynamics of the bulk medium via intermolec- 
ular interactions that couple internal and external degrees 
of freedom. These time-dependent intermolecular interac- 
tions give rise to dynamically broadened optical-absorption 
spectra. While it is clear that the dynamics of the medium 
produce broadened spectra, it is a complex problem to 
work backwards from a spectrum to the dynamics of a 
particular system. Recent advances in theory’ and optical 
experiments’ are beginning to make it possible to examine 
liquid dynamics using line shapes (optical dephasing in the 
time domain) obtained from optical line-narrowing exper- 
iments. 

Electronic excitation transfer (EET) among aromatic 
molecules has been studied extensively.3-‘8 In this paper we 
report the first detailed study of the influence of multi- 
time-scale dynamics of liquids on solute molecules. The 
dynamics are revealed by the influence of spectral diffusion 
on EET observables. The basis for this investigation was 
established by recent experimental and theoretical ad- 
vances in the use of optical line-narrowing experiments to 
study dynamics in complex systems, particularly low- 
temperature glasses.” Dynamical processes in complex 
media can occur over a broad distribution of time scales 
(broad fluctuation rate distribution). For example, at 1.5 
K, ethanol glass undergoes structural fluctuations that 
span time scales from picoseconds to thousands of sec- 

“Permanent address: Rohm & Haas Co., Research Laboratories, Bristol, 
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onds.“l The bath fluctuations couple to the optical transi- 
tion of a dissolved chromophore and cause dephasing (line 
broadening) over this range of time scales. 

Dynamic broadening results from fluctuations in 
solvent-solute interactions that perturb the electronic 
states of the chromophore on the same time scale or faster 
than a particular spectroscopic measurement. Dynamic 
line broadening encompasses both homogeneous dephasing 
and broadening that results from spectral diffusion.“‘“’ 
The distinction between homogeneous dephasing and spec- 
tral diffusion is significant, although it is actually a ques- 
tion of time scales. Optical measurements can reflect the 
combined effects of homogeneous dephasing and spectral 
diffusion if the measurement has the appropriate charac- 
teristic time scale.19’20 

A number of techniques have been developed to mea- 
sure dynamic line broadening.19(a)V2’122 Photon-echo exper- 
iments23’24 measure the homogeneous dephasing time of a 
chromophore. Optical hole burning and fluorescence line 
narrowing 2%~ reflect contributions to dynamic broadening 
from homogeneous dephasing as well as spectral diffusion. 
The hole-burning measurements made on chromophores in 
low-temperature glasses have clearly demonstrated that the 
amount of dynamic line broadening observed using a par- 
ticular method depends on the characteristic time scale 
associated with the measurement.‘9126 

Recently, measurements of photon echoes and hole 
burning have been made on liquids at room temperature.27 
Femtosecond time-scale photon-echo experiments have 
shown that electronic dephasing times are on the order of 
60 fs in viscous hydrogen-bonding liquid solutions at room 
temperatures2 Transient hole-burning measurements indi- 
cate that inhomogeneous broadening can be observed in 
liquids for times as long as several picoseconds at room 
temperature.27-29 
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In what follows, we will present theory and experi- 
ments that permit quantitative information to be obtained 
on the rate of spectral diffusion in liquids. To discuss this it 
is necessary to briefly describe the relationship between 
observables and the fluctuation rates in liquids. Results 
that have emerged from the optical line-narrowing re- 
search on low-temperature glasses are relevent to room- 
temperature liquids. All optical line-narrowing experi- 
ments that have been performed to date can be described in 
terms of a four-time correlation function.‘9(b)P30P31 While 
there are differences in the details, all of the four-time cor- 
relation functions can be obtained from the four-time cor- 
relation function that describes the stimulated photon-echo 
experiment.3’ For example, it has been demonstrated that 
an optical hole-burning experiment is described in terms of 
the Fourier transform of the stimulated echo correlation 
function. A hole-burning experiment is a frequency- 
domain stimulated echo experiment. In magnetic reso- 
nance, the stimulated echo is a standard experiment used 
to measure spectral diffusion. There are two distinct times 
in the experiment, r and T,. r is on the order of the ho- 
mogeneous dephasing time. Fast fluctuations on the time 
scale r or faster contribute to homogeneous dephasing. 
T, is generally a longer time. Slow dynamics out to the 
time scale T, can contribute to line broadening (dephas- 
ing). This contribution to the dynamic linewidth is re- 
ferred to as spectral diffusion. 

Because the description of frequency-domain experi- 
ments, such as hole burning and fluorescence line narrow- 
ing, is related to the Fourier transform of the stimulated 
echo correlation function, it is not surprising that these 
experiments are sensitive to spectral diffusion. A photon- 
echo experiment is the limit of a stimulated echo experi- 
ment with T, equal to zero. Therefore, the photon echo 
measures the homogeneous dephasing only. 

Recent photon-echo experiments on dye molecules in 
hydrogen-bonding liquids, which have measured a 60 fs 
dephasing time, demonstrate that homogeneous dephasing 
results from very fast fluctuations in a room-temperature 
liquid.2 However, as discussed above, the photon echo is 
not sensitive to the slower time-scale fluctuations that 
would result in additional line broadening by spectral dif- 
fusion. In fact, the very observation of a photon echo dem- 
onstrates that on the echo time scale, the system is inho- 
mogeneously broadened. In a liquid, on some accessible 
time scale, a solute chromophore will experience all possi- 
ble solvent configurations. On a long enough time scale, the 
optical line will be completely dynamically broadened by 
spectral diffusion. Thus the photon-echo experiments and 
very fast hole-burning experiments in liquids may provide 
only partial information on liquid dynamics that contrib- 
ute to optical line broadening. These experiments will not 
be sensitive to much slower dynamics that ultimately dy- 
namically broaden the entire line, eliminating inhomoge- 
neous broadening. 

The observation of dispersive EET by time-resolved 
fluorescence depolarization32*33 is closely related to optical 
line-narrowing experiments. EET experiments, as pre- 
sented below, with associated theory, can be used to obtain 

information on the rate and mechanism of slow time-scale 
(ns) spectral diffusion in liquids. 

In a time-resolved fluorescence depolarization EET 
measurement, a small number of chromophores are excited 
with a short pulse of polarized light. Once an excitation is 
produced, it can jump to an unexcited chromophore 
(EET). If fluorescence occurs prior to EET, the emission 
is polarized. However, EET takes the excitation into the 
randomly oriented ensemble of initially unexcited chro- 
mophores. Subsequent emission is depolarized. Therefore, 
the rate of fluorescence depolarization is directly related to 
the rate of EET.5*4P’6 

Fiirster demonstrated that the rate of EET is related to 
the spectral overlap of the emission spectrum of the ini- 
tially excited molecule (donor) and the absorption spec- 
trum of the molecule that receives the excitation (accep- 
tor). The acceptor may be chemically identical to the 
donor. Fiirster assumed homogeneously broadened spec- 
tra. For identical molecules, the forward transfer rate is the 
same as the back transfer rate; the rate depends on the 
inverse sixth power of the distance between the molecules. 
If the spectra are inhomogeneously broadened, the forward 
and back transfer rates may differ even for identical mol- 
ecules. If a donor transfers to an acceptor with much lower 
energy (red side of the spectrum), the thermal energy may 
not be sufficient to permit back transfer. In this case, EET 
moves the excitation to lower energy as well as spatially. 
This is termed dispersive transport. Dispersive EET has 
been addressed both experimentally and theoretically.324 
The amount of dispersive character depends on the relative 
contributions of dynamic and inhomogeneous broadening 
to the electronic transition. 

The influence of spectral linewidths on the rate of EET 
causes the transfer event to carry information on the line- 
widths to the fluorescence polarization observable. The ex- 
citation transfer time is analogous to T, in a line- 
narrowing experiment. In a system undergoing excitation 
transport and spectral diffusion on the same time scale, the 
rate and the excitation wavelength dependence of the flu- 
orescence depolarization reflect the time dependence of the 
spectral diffusion. 

If spectral diffusion is fast compared to EET, the lines 
are dynamically broadened on the EET time scale. This is 
the Fiirster limit. Transport is nondispersive, and the flu- 
orescence depolarization observable is independent of the 
excitation wavelength. If spectral diffusion is slow com- 
pared to EET, the line is inhomogeneously broadened on 
the EET time scale. This is analogous to recent dispersive 
transport experiments in polymeric glasses at room tem- 
perature.32 Characteristic wavelength and temperature de- 
pendences are observed. When spectral diffusion is on the 
time scale of EET, the EET dynamics, and therefore the 
fluorescence depolarization observable, are strongly influ- 
enced by spectral diffusion. The characteristics of the 
transfer can change during the course of the excited-state 
lifetime, from highly dispersive at short time to nondisper- 
sive at long time. 

In this work, spectral diffusion is introduced into the 
model of dispersive transfer that was developed to describe 
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EET in polymer glasses.32 A recent theoretical result is 
employed that relates the time dependence of the spectral 
diffusion contribution to the dynamic linewidth of the 
chromophore to the rate distribution of dynamics occur- 
ring in the solvent.‘9(b) 

the time-dependent probability that an initially excited 
chromophore is still excited, excluding lifetime decay. Cal- 
culation of this quantity allows direct comparison with ex- 
perimental measurements of G”(t) obtained from time- 
dependent fluorescence depolarization. 

We also present dispersive EET experiments on liquids 
at temperatures well above Tr33 Measurements have been 
made at and near room temperature on solutions of 
rhodamine B in glycerol and propylene glycol, two 
hydrogen-bonding solvents that have glass transition tem- 
peratures below 200 K. The EET is dispersive in glycerol 
at room temperature and below, and in propylene glycol at 
273 K and below. By examining the wavelength depen- 
dence of the dispersive EET in the two liquids at several 
temperatures, we are able to determine the rate of the un- 
derlying process responsible for spectral diffusion. The re- 
sults demonstrate that molecular reorientation of the sol- 
vent molecules is responsible for spectral diffusion. 
Rhodamine B undergoes a large change in dipole moment 
upon excitation. The molecular dipole couples to the sol- 
vent dipoles. For fixed solvent configuration, the solvent is 
responsible for a dipolar field at the chromophore. This 
determines the chromophore’s initial position in the inho- 
mogeneous absorption spectrum. As the solvent structure 
evolves through orientational relaxation, the dipolar field 
at the chromophore changes, resulting in spectral diffusion. 
This time scale is 5 orders of magnitude longer than the 
tens of femtoseconds electronic dephasing time scale mea- 
sured in recent photon-echo experiments. The solvent dy- 
namics leading to spectral diffusion on a nanosecond time 
scale are fundamentally different from the interactions that 
cause homogeneous dephasing of electronic states. 

A. Spectral diffusion 

Recently, Bai and Fayer presented a theoretical anal- 
ysis of optical line-narrowing measurements in systems 
with broad solvent (bath) fluctuation rate 
distributions.‘9(b) They obtained expressions relating the 
time dependence of solute optical line broadening to the 
probability distribution of R, the rates of dynamical pro- 
cesses in the solvent. The formalism is based on a four- 
point correlation-function description of line-narrowing 
experiments. It has also been demonstrated experimentally 
that a change in the optical dephasing rate (dynamic line- 
width) as a function of the time scale of the measurements 
contains detailed information about the fluctuation rate 
distribution (the probability distribution of the rates, R) in 
the system 19(b),20,26(c),41 As discussed in the Introduction, 
the dispersive EET fluorescence depolarization experiment 
is analogous to the line-narrowing experiments described 
by Bai and Fayer. 

An expression is obtained in Ref. 19(b) for the deriv- 
ative of the dynamic linewidth ( Awd) with respect to time, 

&&i) 
--Jr= I du P,(e”)W(u-u), 

II. THEORY 

Recently, a model was developed to describe dispersive 
excitation transfer among chromophores in solid solutions 
at and near room temperature.32 It was assumed that the 
magnitude of dynamic line broadening (assumed to be ho- 
mogeneous broadening) and the extent of inhomogeneous 
broadening were time independent, i.e., it was assumed 
that spectral diffusion does not occur on the time scale over 
which excitation transfer takes place. This is a reasonable 
assumption for solids. Calculations of the time dependence 
of EET using this model without adjustable parameters 
were in near quantitative agreement with experimental 
measurements made on polymeric systems at and below 
room temperature. This range of temperatures is well be- 
low the polymer glass transition temperature. The model 
provided the essential features of dispersive transfer from a 
mathematically tractable calculation. 

where u = In R, u = -In(t), PI (8) is the solvent fluctua- 
tion rate distribution, and W(u-V) is a function that de- 
pends on the nature of the fluctuations of the bath. W(u 
-0) is called the gate function. Equation ( 1) states that 
the change in the linewidth with the time scale of the mea- 
surement is proportional to the convolution of the fluctu- 
ation rate distribution and the gate function. 

In this section we introduce spectral diffusion into the 
calculations of dispersive transport. This is done by allow- 
ing both the dynamic and inhomogeneous line shapes and 
linewidths to change with time. Calculations of excitation 
transfer using this model illustrate the connection between 
the time scale for evolution of solvent structures and the 
dynamics of dispersive transport. The quantity of interest 
is Q( t),6 the self-part of the Green-function solution of the 
transport master equation. P(t) can also be identified with 

This gate function, although an intrinsic physical prop- 
erty, acts much like an instrument response function of, for 
example, a gated integrator. If the fluctuation rate distri- 
bution is very broad, the change in the dynamic linewidth 
with time depends only on the form of the rate distribution. 
For a very narrow distribution, e.g., a single rate (a 6- 
function distribution), the change in linewidth tracks the 
gate function. Independent of the nature of the bath fluc- 
tuations, the gate function has two characteristics. For a 
single rate, R, it is peaked at the observation time T, 
= l/R, and it has a width on the order of ln( l/T,). Thus 
the linewidth will begin to broaden for observation times 
significantly shorter than l/R and it will continue to 
broaden out to observation times significantly longer than 
l/R. 

The gate function has been derived for the case of 
dipole-dipole coupling between the chromophore and a 
bath (solvent) that is undergoing quasicontinuous motion 
that can be described as a Gaussian-Markoffian stochastic 
process. 19(b) This is the relevant gate function for the ex- 
periments discussed below. The result is 

W(z) =exp(z-8) [ 1-exp( -d)]“2. 
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FIG. 1. Dynamic linewidth as a function of time for different values of the 
rate of solvent tluctuation (R). The curves are calculated using Eqs. (1) 
and (2). The dynamic width [AU,,(~)] is normalized by its value at t=O, 
the homogeneous width, and at t= m, when the spectral line is dynami- 
cally broadened. R is parametrized in terms of fluorescence lifetimes: (a) 
R=lO, (b) R=5, (c) R=l, (d) R=O.l, (e) R=O.Ol. 

Use of Eq. (2) in E!q. ( 1) allows us to calculate the spec- 
tral diffusion contribution to the dynamic linewidth for a 
given solvent fluctuation rate distribution. 

Ultrafast processes in liquids can give rise to homoge- 
neous dephasing on a tens of femtosecond time scale.* If we 
adopt a model in which only one slow time-scale dynamic 
process with a single rate, R, causes spectral diffusion, then 
PI(R) in Eq. (1) is a S function. Figure 1 shows the time- 
dependent dynamic linewidth calculated with Eqs. ( 1) and 
(2) for various values of the single-solvent fluctuation rate, 
R. R is parametrized in chromophore excited-state life- 
times, 7, i.e., R = 1 means R = l/r. The two limits for the 
dynamic linewidth are the homogeneous linewidth (dy- 
namic linewidth at t=O) which can be measured by a 
photon-echo experiment and the value at t= 03, which is 
the width of the entire absorption origin since a chro- 
mophore in a liquid will eventually sample all solvent con- 
figurations and therefore all positions in the absorption 
band. In Fig. 1 the dynamic linewidth is plotted in terms of 
the fractional change in the linewidth: 

For R = 10 (Fig. 1, curve a), spectral diffusion broad- 
ens the line rapidly and the dynamic linewidth approaches 
its maximum value in a small fraction of a fluorescence 
lifetime. For R =O.Ol (curve e), spectral difFusion causes 
only a small amount of broadening during the excited-state 
lifetime. For R ~0.01, the inhomogeneous contribution to 
the line will be time independent on this time scale. EET, 
the observable in the measurements reported here, typi- 
cally occurs on the time scale of the excited-state lifetime 
for weakly interacting chromophores. Thus, the latter case 
(R < 0.01) is identical to the dispersive EET problem 
treated previously for frozen polymers.32 For R)lO the 
line will be completely dynamically broadened on the r 
time scale; EET will not be dispersive, and Fiirster theory 
will be a valid description. 

In G(t) = -g 
s 

(l-e- n”(‘)t)u(r)dr, (3) 

B. Nondlspersive transfer 

Huber and co-workers employed a cumulant expan- 
sion to develop a mathematically tractable method for cal- 
culating e(t) in the case of donor-donor transfer among 
randomly distributed chromophores9 The theory has more 
recently been extended to more complicated geometrical 
distributions.10(b)*‘1*12 

Donor-donor (DD) transfer occurs when the rate of 
forward energy transfer, transfer away from the initially 
excited chromophore to an acceptor chromophore, is equal 
to the rate of back transfer from the acceptor. In the For- 
ster theory, identical molecules will undergo DD transfer. 
Donor-trap (DT) transfer occurs if the rate of back trans- 
fer is vanishingly small. Only forward transfer occurs from 
the donor to the trap. DT transfer takes place between two 
chromophores with electronic transition energies that dif- 
fer by an amount greater than the available bath thermal 
energy. This can occur between two nonidentical molecules 
or identical molecules that are widely separated in a broad 
inhomogeneous line. 

From the first-order cumulant expansion, 

I 

1 for DT, 
A= 

2 for DD. 

The two limits of EET differ by the value of the constant 2. 
w(r) is the pair-wise transfer rate for two chromophores 
separated by the three-dimensional vector r. For a 
transition-dipole-transition-dipole interaction that is ap- 
propriate for singlet electronic states, 

w(r)=(l/+(Ro/+y? (4) 

r is the excited-state lifetime and R. is the FGrster transfer 
radius that depends on the spectral overlap between the 
emission spectrum of the donor and absorption spectrum 
of the acceptor. 17P42 y is a factor that accounts for orienta- 
tional averaging of the donor and acceptor: y= 1 for the 
dynamic limit (reorientation occurs much faster than ex- 
citation transfer), and y=O.8452 for the static limit (re- 
orientation occurs at a much slower rate than transfer) .5P11 
u(r) is the chromophore spatial distribution function and 
p is the number density of chromophores. 

The analytical solution for a three-dimensional, ran- 
domly distributed solution of chromophores is9’” 

In G”(t)=-CA-“*y*l?(f)*(t/~)“*. 

c is the dimensionless concentration, 

(5) 

c=$rR; p. (6) 

This expression for G@(t) is appropriate for describing non- 
dispersive transfer among randomly distributed chro- 
mophores. This limit is reached when there is insignificant 
inhomogeneous broadening (very large homogeneous line- 
width) or when spectral diffusion occurs on a time scale 
that is much faster than the time for excitation hopping, In 
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both cases dynamic line broadening is much larger than 
the inhomogeneous linewidth. 

C. Dispersive excitation transfer 

The dispersive transport theory, described in detail in 
Ref. 32, separates the calculation of EET dynamics into 
two parts. First, the extent to which the EET dynamics is 
dispersive is determined for the system for a given set of 
conditions: the dynamic linewidth, the inhomogeneous 
linewidth, Ro, c, and the excitation wavelength. This in- 
volves calculating, from the spectral overlap of dynamic 
line shapes, the effective concentration of acceptor chro- 
mophores and a scaling factor between the two limiting 
cases of the transfer. These results from the first part of the 
calculation are then applied to the expression describing 
nondispersive excitation transfer among a given spatial dis- 
tribution of chromophores @q. (3)]. Since chromophores 
at a distribution of transition energies have some probabil- 
ity of being initially excited, the calculation is reiterated for 
excited chromophores at all possible transition energies in 
the inhomogeneous distribution, and the weighted average 
is taken as the observable. 

limit of donor-donor transfer, when the rate of back trans- 
fer is the same as the rate of forward transfer. If the initial 
transfer is to lower energy, ELq. (7) gives the probability 
that back transfer can occur (the transfer step is DD) 
aside from the spatial dependence. The DT limit is ob- 
tained when the quantity F(AE-AE’,t)=O. Forward 
transfer to a lower-energy chromophore with phonon emis- 
sion can take place, but back transfer cannot occur. If the 
initial transfer step is to an acceptor with higher energy, 
Eq. (7) gives the probability that the transfer occurs (aside 
from the spatial dependence). 

The fraction of acceptor chromophores with transition 
energies lower than the energy of the initially excited chro- 
mophore (AE) that participate in DD transfer is given by 

StE I(hE’,t).F(~--hE’,t)d(AE’) 
4(&t) = 

. 
(8) 

S,“” I(AE’,t)d(AB’,t) 

I( AE’,t) is the time-dependent inhomogeneous line shape. 
A similar expression, but with integration limits of AE to 
CO gives the donor fraction to the blue of a chromophore at 
A& dt,( m,t). 

For transfer among chromophores in a polymer glass, 
the dynamic and inhomogeneous linewidths were assumed 
to be time independent. The dispersive transport parame- 
ters did not change with time; in this case the time depen- 
dence to the transfer arose from the spatial distribution of 
acceptor chromophores. 

The actual number density, p, of chromophores in a 
sample is measured spectroscopically. The number density 
to the red of AE, pn and to the blue of AE, pb, are calcu- 
lated by integrating the inhomogeneous line shape over 
appropriate limits, as done for the DD fraction, 

To properly model dispersive transport in a liquid so- 
lution this calculation must be modified. This is because 
the spectral linewidths, which affect the EET through the 
calculation of spectral overlap-and subsequently the ef- 
fective concentration of acceptors and scaling parameter- 
are time dependent. Spectral di@usion causes the dynamic 
linewidth to grow in time, the inhomogeneous linewidth to 
decrease, and the centers of the individual isochromats to 
shift toward the center of the inhomogeneous line. The 
effect of spectral diffusion on EET is through the time 
dependence of linewidths and line positions. 

s 
AE 

p,(AE,t) =p. I(AE’,t)d(AE’), o 

s 

(9) 
pb(m,t) =p’ - I(AE’,t)d(AE’). 

!iE 

In the model of dispersive transfer, the spectral overlap 
of dynamic line shapes is identified with the probability 
that an excitation transfer step is DD. This step eliminates 
the need to consider the specifics of phonon emission and 
absorption in dispersive transfer. The spectral overlap, 
F(AE- AE’,t), of an excited chromophore with transition 
energy AB and an acceptor chromophore with energy AE 
was calculated for all AE’, 

Combining the equations for the donor fractions and 
the number densities leads to expressions for the number 
density of chromophores that can act as donors for an 
excited chromophore of transition energy AE, D( AE,t), 
and the number density of traps, T(AE,t), chromophores 
that can accept an excitation but cannot back transfer to 
the originally excited chromophore, 

WA-W) =d,(AE,t)p,WW +db(~,t)pb(~,t>, 

T( AE,t) =p,( AE,t) . [ 1 -d,( AE,t) 1. 
(10) 

F(AE-AE’,t) 

S”, LhE(m,t).LhE,(ti+ (AE-AE’),t)dw 
= 

J-“, LCw,t)*L(w,t)do 
(7) 

L,(w,t) is the dynamic line shape centered at energy AE. 
We have introduced time dependence to the spectral over- 
lap through the time-evolving dynamic line shape. The de- 
nominator in Eq. (7) normalizes the probability to F(AE 
-AE’,t)=l when AE=AE’. F(AE-AE’,t)=l is the 

D(AE,t) and T(AE,t) do not add up to p, the total num- 
ber density. This is because there are chromophores of 
energy AE’, to the blue of AE, that have a low probability 
of accepting an excitation transfer from the initially excited 
chromophore because of the poor spectral overlap F(AE 
- AE’,t) for this energy separation. In this model, these 
are chromophores that are inaccessible for EET from the 
original chromophore because the phonons necessary to 
transfer the excitation up in energy are not available at the 
experimental temperature. 

The calculation to this point has divided the distribu- 
tion of acceptor chromophores into three groups depend- 
ing on their electronic transition energies. D(AE,t) is the 
number density of chromophores which undergo DD 
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transport with the initially excited chromophore. T( AE,t) 
is the number density of chromophores which can only 
accept an excitation; they act as traps for the excited-state 
energy relative to the initially excited chromophore. And, 
finally there are chromophores to the blue of AE which 
cannot, or have a low probability of, accepting an excita- 
tion from the initially excited chromophore. The total 
number density of chromophores which can participate in 
energy transfer with a chromophore at AR is 

p’(AKt) =D(AW + T(AKt). (11) 

In the nondispersive expression for c;(( t) [Eq. (5)], the 
DD and DT cases differ only by a factor, /2. il has the limit 
of 1 for donor-trap and 2 for donor-donor transfer. With 
use of the procedure outlined above, the dispersive trans- 
port problem has been reduced to a problem of transfer in 
a mixture of donors and traps. It has been shown previ- 
ously that scaling ,l. linearly between the limits of A= 1 
(pure DT) and ;1=2 (pure DO), 

/I(AE,t)=1+ 
DWW 
p’ww ’ 

is a good approximation for describing nondispersive EET 
in a mixture of donors and traps.32 

(12) 

The dispersive transport problem with spectral ditIu- 
sion has now been reduced to a calculation which can be 
handled using the cumulant expansion treatment. In prac- 
tice, the calculation progressively determines the change in 
P(t) over time intervals At. At each time point t, the 
dynamic and inhomogeneous linewidths are calculated 
with the gate function and initial inhomogeneous and ho- 
mogeneous linewidths (Sec. II A). The inhomogeneous 
distribution of transition frequencies is divided into dis- 
crete intervals. For each interval (centered at AR), the 
spectral overlap is calculated with all possible acceptor in- 
tervals (AR’). From the spectral overlap, the effective con- 
centration of acceptor chromophores and the dispersive 
transport parameter are calculated. Then using the value of 
Cis(t - At), the change in Gs between t-At and t is cal- 
culated for each energy interval (centered at AE) using 
Eq. (5). The ensemble-averaged change of G’ results from 
repeating the calculation for all intervals AR, and calculat- 
ing the average weighted by the probability that a chro- 
mophore at AE was actually excited by the laser pulse of 
energy o, N, : c 

X&W = 
L(o,-AE,t=O)*I(AE,t=O) 

1,” L(o,-AE,t=O)*I(AE,t=O)d(AE) 

(13) 

D. Model calculations of dispersive transfer with 
spectral diffusion 

To calculate the effect of spectral diffusion on disper- 
sive EET we assume that both the inhomogeneous and 
dynamic line shapes are Lorentzians of the form 

1 
L(09t)=Lo’ w*+(AoJt)/2)*’ 
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where the full width at half maximum (FWHM), Awd, is 
time dependent. This functional form for the line shapes 
proves computationally convenient because the convolu- 
tion of two Lorentzians is also a Lorentzian with FWHM 
given by the sum of the widths of the two curves. However, 
inhomogeneous broadening caused by dipole-dipole inter- 
actions can result in a Lorentzian line shape43 and the 
dynamically broadened line can be Lorentzian as well4 
AoJt) is calculated for the dynamic contribution to the 
&-ZJ, transition using the homogeneous linewidth [dy- 
namic width at t=O, AwJt = 0)], the absorption line- 
width [AtiJ t = M) )], and Eqs. ( 1) and (2). The inhomo- 
geneous linewidth is then adjusted to reflect motional 
narrowing. The total width of the line, Aor, is the sum of 
the dynamic and inhomogeneous linewidths. The inhomo- 
geneous width is given by the difference of the total line- 
width and the dynamic width, AO~ = AwJt) + Am,(t). 
As the dynamic width increases the inhomogeneous width 
shrinks, leaving the total width unchanged. To preserve the 
overall line shape, the broadening of the dynamic lines is 
accompanied by shifts of each of the dynamic lines toward 
the center of the total line ( AE,). 

Since femtosecond time-scale photon-echo experiments 
have been performed on systems of organic dye molecules 
dissolved in viscous solvents, 2(a) which are very similar to 
those studied here, we will employ these results. The mea- 
sured electronic dephasing times (T2) at room tempera- 
ture for nile blue and malachite green in ethylene glycol are 
-60 fs. This corresponds to a homogeneous linewidth of 
175 cm-‘. We use this value for ALwJ t = 0). As discussed 
below, theoretical work by Loring” and low-temperature 
measurements made in the course of this work suggest an 
appropriate inhomogeneous linewidth of 600 cm-‘. 

Figure 2 shows examples of the calculations made us- 
ing the expressions developed in Sets. II A, II B, and II C. 
The concentration of chromophores is 3 x 10m3icI, R. 
= 58 A. The calculation is repeated for three different ex- 
citation wavelengths: one on the blue side of the absorption 
line (a), one near the peak of the line (b), and one on the 
red side of the absorption line (c). The figure shows ex- 
amples of calculations of G”(t) for different values of the 
rate of solvent fluctuations, R, at the three different exci- 
tation wavelengths. All parameters in the calculation are 
held constant except R. As R changes, the extent of dis- 
persive transfer also changes (compare to Fig. 1). When R 
is very fast (R = lo), transfer is nondispersive because the 
S,,4, line is dynamically broadened at all but the shortest 
times. A small amount of dispersive transfer can be ob- 
served when R is similar to r (R = 1 ), and transport be- 
comes more dispersive as R decreases further. For R = 0.0 1 
or less, the rate of spectral diffusion is much slower than 
the time scale for EET. This corresponds to the situation 
we have previously investigated in detai1,32 in which the 
dynamic and inhomogeneous linewidths do not change 
during the excited-state lifetime. For the linewidths used in 
the calculations, the curves for R=O.Ol display the maxi- 
mum extent of dispersive transport. For R = 10, there is no 
difference in GS(t) for three different excitation wave- 
lengths. This is the result that is predicted by the Fiirster 
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GS(t) 

G’(t) 

1.0 
R= 10 

GSO) 

R=O. 1 
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FIG. 2. Electronic excitation transfer calculated for various values of R, 
the rate of solvent fluctuations causing spectral diffusion. R is parame- 
trized in terms of excited-state lifetimes, 7. Excitation wavelengths are 
560, 570, and 580 nm. Parameters used for the calculations include 
Aol(t = 0) = 175 cm-’ (homogeneous lmewidth), Awi(r = 0) 
= 600 cm-’ (inhomogeneous width at t=O), c=1.5 (Fiirster reduced 
concentration), AE, = 17 3OOcm-’ (optical line center). For R= 10, R is 
faster than the excitation transfer time scale (approximately r), excitation 
transfer is nondispersive. For R = 1, the first signs of dispersive transport 
appear. As R becomes slower than the time scale for EET, the transfer 
becomes more dispersive. For R=O.Ol, spectral diffusion is slow com- 
pared to EET; the maximum amount of dispersive transport is observed 
for the imput parameters. 

theory for EET. However, Forster theory assumes the lines 
are homogeneously broadened. These calculations show 
that it is sufficient to have the fluctuation rate responsible 
for spectral diffusion a factor of 10 faster than the time 
scale for EET to reach the Fiirster limit. 

This set of calculations demonstrates that the extent of 
dispersive transport can be directly related to the time scale 
for spectral diffusion. These model calculations also show 
that the rate of spectral diffusion can be investigated by 
observing the extent of dispersive transport. 

III. EXPERIMENTAL PROCEDURES 

Solutions of rhodamine B perchlorate (Exciton) in 
glycerol (Baker) and in propylene glycol (Mallinckrodt) 
were prepared in an argon atmosphere. Rhodamine B 
(RB) is a weak acid and it was found that the absorption 
spectra were shifted slightly to the blue at low concentra- 
tion ( < 10-5&f).46 All solutions used in this study were 
acidified with a small amount of concentrated HCI, where- 
upon the absorption spectra for both the high- and low- 
concentration solutions were identical. 

Aggregation of organic dye molecules has been re- 
ported at concentrations similar to those of the high- 
concentration samples used in this study.47948 RB is present 
predominantly as aggregates in water at 10m3~ concentra- 
tion; it is considerably more soluble in ethanol.49 For this 
reason, the solutions of RB in glycerol and propylene gly- 
co1 were extensively checked for aggregation of the chro- 
mophores. Aggregates can be detected by a change in the 

shape of the absorption spectrum or shortening of the flu- 
orescence lifetime due to excitation trapping at the aggre- 
gates.47’48 Comparing the shapes of the absorption spectra 
for the high- and low-concentration solutions used in this 
study, the spectra are superimposable at all temperatures 
investigated. The fluorescence lifetime also gives no evi- 
dence of aggregates for concentrations up to 3 
x 10e3iWM. Upon increasing the dye concentration further, 
to 2 x 10B2iM, a distinctly different absorption spectrum 
was measured, and the fluorescence lifetime decreased dra- 
matically, indicating aggregation at this concentration. All 
concentrations used in the measurements of excitation 
transport and solvent relaxation reported here were 3 
X 10w3M or lower. 

3~ 10m6iM solutions were used to measure the time- 
dependent orientational relaxation of the chromophore and 
the solvation dynamics of excited RB. These low- 
concentration samples were placed in 1 mm spectroscopic 
cuvettes; the optical density <O. 1. Intermolecular excited- 
state transfer was measured in higher-concentration solu- 
tions ( - 10m3iM). These solutions were sandwiched be- 
tween two fused silica disks with 6 pm spacers to keep the 
optical densities low in spite of the high concentrations. 
This is important to avoid reabsorption of the fluorescence. 
Optical densities were between 0.1 and 0.2 at the peak of 
the absorption spectrum. Measurements at subambient 
temperatures were made by cooling high- and low- 
concentration samples in a given solvent simultaneously in 
a closed-cycle helium refrigerator. 

Intermolecular electronic excitation transfer and reori- 
entational motion of the excited chromophores were mea- 
sured by time-resolved fluorescence depolarization. An an- 
isotropic distribution of chromophores is excited by plane- 
polarized laser pulses tuned to a frequency in the &-S, 
absorption band. In low-concentration samples, reorienta- 
tion of the emission transition dipole direction by molecu- 
lar reorientation leads to a time-dependent decay of the 
anisotropy. 425451 In high-concentration samples, excita- 
tion transfer from the initially excited RB chromophores 
(donors) to the isotropically oriented ensemble of unex- 
cited RB molecules (acceptors) causes additional depolar- 
ization of the fluorescence.5’8P52 From fluorescence decays 
detected with polarization parallel (111) and perpendicular 
(II) to the excitation polarization direction, one obtains 
the fluorescence anisotropy r(t), 

r(t) = [qf) --~~WlN,,(~) +21,Wl. (15) 
The contribution to r(t) from EET is P(t),5r1’P’2 the 

self-part of the Green-function solution to the master equa- 
tion for excitation transfer. G(t) is the probability that the 
initially excited chromophore remains excited after time t. 
GS( t) reflects excitations which have never left the initially 
excited chromophore, and excitations that have left and 
then returned. The reorientational contribution to the de- 
polarization, Q(t), is obtained from the anisotropy decay 
from low-concentration solutions. For relatively slow rota- 
tional motion, it is a good approximation to separate con- 
tributions from excitation transfer and reorientation, lead- 
ing to 
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r(t)=c-Gd(t)+(t). (16) 

The constant C accounts for the relative orientation of the 
absorption and emission transition dipole directions. 
Go(t) is obtained by dividing r(t) for a high-concentration 
sample (EET occurs) by r(t) for a low-concentration sam- 
ple (no EET) under identical conditions, i.e., wavelength, 
temperature, etc. This divides out C and Q(t), yielding 
Q(t). 

Fluorescence depolarization measurements were made 
by time-correlated single-photon counting. The appara- 
tus32 and technique” have been described in detail. The 
dye laser excitation pulses were tunable from 555 to 590 
nm using rhodamine 575 as the gain medium. A detection 
system was employed that provided measurement of a 
broadband ( -60 nm) of fluorescence around a tunable 
excitation wavelength. The center slit from a double l/4 m, 
subtractive dispersive monochromator was replaced with a 
microscope slide attached to a translation stage. A narrow 
(- 1 mm) black strip on the slide blocked the scattered 
laser light (over -4 nm bandwidth), but fluorescence both 
to the blue and red of the excitation wavelength was 
passed. Upon changing excitation wavelengths, the grating 
angles were left unchanged, but the position of the strip on 
the slide was translated to block scattered light at the new 
excitation wavelength. The instrument response time was 
typically 60 ps, measured full width at half maximum. 

Broadband detection around the laser excitation wave- 
length was used for two reasons. First, solvation of the 
excited chromophore by the polar solvent occurs on the 
same time scales as the fluorescence lifetime and intermo- 
lecular excitation transfer. Solvation leads to a time- 
dependent Stokes shift in the emission spectrum. The pop- 
ulation decay from the S1 excited state is complicated and 
nonexponential if detection is made over a narrow spectral 
region of the fluorescence.53*54 Broadband detection of flu- 
orescence from the excited chromophores allowed us to 
remove this as a possible source of depolarization. Second, 
the Se-S, transition of rhodamine B contains a large de- 
gree of overlap between the absorption and emission spec- 
tra. In order to collect a large portion of the emission 
spectrum it was necessary to detect fluorescence both to 
the blue and red of the excitation wavelength, while ex- 
cluding scattered laser light. 

Time-resolved fluorescence spectra were also obtained 
using single-photon counting. Fluorescence was detected 
through a polarizer set at the magic angle with respect to 
the excitation polarization direction, to remove depolariza- 
tion effects, and through a 1 m monochromator with slit 
widths set for a resolution of 2 A. The fluorescence inten- 
sity in a predetermined time interval of the fluorescence 
decay, set by upper- and lower-level discriminators on the 
multichannel analyzer, was detected while the monochro- 
mator was scanned over the spectrum under computer con- 
trol. A shutter was closed when the monochromator 
passed through the excitation wavelength to protect the 
phototube from scattered laser light. The time-resolved 
spectral measurements were not corrected for the instru- 
ment response ( - 100 ps with this monochromator) or for 

------ propylene glycol 
~ glycerol 

17 18 19 20 

E,/ lO%rn- ’ 

FIG. 3. S,S, electronic absorption of rhodamine B in glycerol (-) and 
propylene glycol (---) at room temperature. Excitation wavelengths used 
in this study are highlighted (A, glycerol: 560, 570, 580 nm; n , propylene 
glycol: 556, 566, 576 nm). Since the absorption spectrum in propylene 
glycol is shifted by -4 nm to the blue relative to glycerol, the excitation 
wavelengths are adjusted to be the same relative to the peak in each 
solvent. 

the spectral response of the monochromator grating or mi- 
crochannel plate photomultiplier used to detect the fluo- 
rescence. 

IV. EXPERIMENTAL RESULTS 

A. Electronic excitation transfer 

The Sc-Si electronic absorption spectra of RB in glyc- 
erol and in propylene glycol at room temperature are 
shown in Fig. 3. Excitation wavelengths used for the mea- 
surements reported here are indicated in the figure. The 
spectrum in propylene glycol is shifted 4 nm to the blue 
relative to glycerol; excitation wavelengths were chosen to 
be at the same relative position in the two spectra. 

Q(t) curves for the 2.5 x 10m3M solution of 
rhodamine B in propylene glycol are shown in Fig. 4. The 
curves were obtained using Eq. ( 16) and the procedure 
described immediately below it. The decay of G’(t) is in- 
dicative of the rate and extent of EET. The figure shows 
the results obtained at three different temperatures, room 
temperature (297 K), 273 K, and 250 K. At each temper- 
ature, GS(t) is measured with different excitation wave- 
lengths in the Se-S’, absorption band. At T=297 K, exci- 
tation at 556 nm, near the peak of the absorption spectrum 
(Fig. 3)) leads to identical excited-state transfer dynamics 
as excitation at 576 nm, near the red edge of the absorption 
spectrum. This is the result predicted by the Fijrster theory 
for electronic excitation transfer (no dispersive transfer). 
G’(t) is not sensitive to the excitation wavelength. In pro- 
pylene glycol at room temperature the S,Si electronic 
transition is completely dynamically broadened on the time 
scale of electronic excitation transfer (hundreds of picosec- 
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FIG. 4. Q(t) measured for 2.5 x 10m3M solution of rhodamine B in 
propylene glycol at different wavelengths and temperatures. The fluores- 
cence lifetime r is 3.3 ns in these solvents. (A) T=297 K, excitation at 
(a) 556 run and (c) 576 nm. Excitation transfer is nondispersive at room 
temperature in propylene glycol. This is the result predicted by Fijrster 
theory. (B) T=273 K, excitation at (a) 556 nm and (c) 576 run. At a 
temperature - 100 K above T, EET is dispersive in propylene glycol, 
demonstrating inhomogeneous spectral broadening that persists for the 
nanosecond time scale. (C) T=250 K, excitation at (a) 556 mu, (b) 566 
nm, and (c) 576 nm. As the temperature decreases the amount of dis- 
persive EET increases. 

onds to nanoseconds). Spectral diffusion enables a chro- 
mophore to sample the entire line rapidly compared to the 
rate of excitation transfer. Photon-echo experiments*(‘) on 
virtually identical systems demonstrate that it is spectral 
diffusion rather than homogeneous broadening that is re- 
sponsible for the lack of dispersive transport at room tem- 
perature, since the echo-measured homogeneous linewidth 
is only approximately one-quarter of the total linewidth 
(see below ) . 

When the temperature is lowered to 273 K, Fig. 4(b), 
a difference is observed in the decay of Gs( t) for excitation 
at 556 and 576 run. EET is dispersive in propylene glycol at 
this temperature, which is -100 K above Tg (Table I). 
Previous observations of dispersive energy transport at 
high temperatures, measured by fluorescence depolariza- 
tion, were made on polymer systems below their glass tran- 
sition temperatures.32 Figure 4(b) demonstrates that dis- 
persive EET can occur in liquids near room temperature. 
Observation of dispersive EET demonstrates that there is 
significant inhomogeneity in the optical transition on the 
timescale of excitation transfer. 

At 250 K [Fig. 4(c)], there is an even greater amount 
of dispersive transfer. The relative contributions of dy- 
namic and inhomogeneous broadening affect the extent of 
dispersive EETt3’ as shown in Fig. 2. The data reveal that 

TABLE I. Properties of glycerol and propylene glycol. 

T, WY 

7j (CP)? 

*Reference 59. 

297 K 
273 K 
250 K 

Propylene 
glY=J 

172 

40 
243 

26co 

Glycerol 

193 

850 
9Qoo 

2.5x ld 

%opylene glycol, Ref. 57(a); glycerol, Ref. 57(b). 

the extent of inhomogeneous broadening that exists on the 
time scale of the observable, has increased significantly as 
the temperature is reduced from room temperature to 250 
K. 

Dispersive transport was also observed in solutions of 
RB in glycerol. The glass transition temperature is higher 
in glycerol than propylene glycol, and glycerol is more 
viscous at a given temperature (Table I). Dispersive EET 
is observed in glycerol even at room temperature. This is 
shown in Fig. 5(a) for a 3 x 10m3M solution. In Fig. 5 (b) 
we see that there is a larger effect of the excitation wave- 
length on the EET at 250 K. Similar results have been 
obtained for a 1.5 x 10d3M solution of rhodamine B in 
glycerol. In the less-concentrated sample Gs( t) decays less 
due to a lower density of acceptors, but the onset and 
extent of dispersive transfer is independent of the concen- 
tration. 

1.0 
T=297K 

GWJ) 

o.5#& 

c 
0 

1.0 

T=250K 

I 

FIG. 5. G”(t) measured for a 3 X 10e3M solution of rhodamine B in 
glycerol. (A) T=297 K, excitation at (a) 560 nm and (c) 580 nm. 
Electronic excitation transfer is dispersive in glycerol at room tempera- 
ture. (B) T=250 K. Glycerol is a supercooled liquid at this temperature 
and exhibits significant inhomogeneous broadening. This is reflected in a 
large amount of dispersive EET. Excitation is at (a) 560 nm, (b) 570 run, 
and (c) 580 nm. 
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FIG. 6. Orientational relaxation of rhodamine B in propylene glycol at 
(a) T=297 K, (b) T=273 K, and (c) T=250 K, and in glycerol at 
T=297 K (d). The solution concentrations are < 10e5M; the fluores- 
cence anisotropy decays due to reorientation of the electronically excited 
probe (no excitation transport takes place). At room temperature 
rhodamine B reorients more slowly in the more viscous solvent, glycerol, 
in agreement with hydrodynamic theory. As the temperature is reduced, 
the mobility of the solvent molecules is reduced and the reorientation 
slows accordingly. 

Comparing results from glycerol and propylene glycol 
at 250 K and above, transport is more dispersive in glyc- 
erol. At the same temperature, RB electronic spectra in 
propylene glycol and glycerol have different contributions 
from dynamic and inhomogeneous spectral broadening on 
the experimental time scale. This is correlated with the 
viscosity of the liquids (Table I). At 200 K, near the glass 
transition temperatures, both liquids are extremely viscous 
and the transfer appears equally dispersive in the two sol- 
vents. The chromophore linewidth has similar contribu- 
tions from inhomogeneous and dynamical line broadening 
in both solvents at this temperature. 

B. Reorientational dynamics 

Reorientational dynamics and solvation dynamics in 
solutions of rhodamine B in propylene glycol and glycerol 
have been measured in order to compare the onset and 
extent of dispersive transfer to other molecular-scale dy- 
namic properties. Figure 6 shows the fluorescence anisot- 
ropy decay for a low concentration (3 x 10V6M) RB/ 
propylene glycol solution at (a) room temperature (297 
K), (b) 273 K, and (c) 250 K, and for a 3 x 10e6M 
solution of RB in glycerol at room temperature (d). The 
concentration is too low for EET to occur [Q(t) = 11. The 
fluorescence anisotropy decays in time because of reorien- 
tational motion of excited RB molecules [Q(t) in Eq. 
( 16)]. This occurs on the several nanosecond time scale at 
room temperature in propylene glycol and on longer time 
scales as the temperature decreases. The probe molecule is 
essentially static with respect to reorientation on the time 
scale of the fluorescence lifetime (3.3 ns) at 250 K in pro- 
pylene glycol and at room temperature in glycerol. At a 
given temperature the reorientation of the excited chro- 

550 660 650 
X/nm 

FIG. 7. Time-resolved emission spectra for a low-concentration solution 
( < lo-‘M) of rhodamine B in propylene glycol at T=250 K. No 
electronic excitation transfer takes place at this concentration. The fluo- 
rescence spectrum shifts to lower energy at longer times due to solvation 
of the excited probe molecule. The spectra are shown at < 0.3, 2, and 11 
ns after excitation. 

mophore is faster in propylene glycol than in glycerol. This 
result is in agreement with hydrodynamic theory; the re- 
orientation time is proportional to the viscosity divided by 
the temperature.5’ 

C. Salvation dynamics 

The fluorescence spectra of low-concentration RB in 
glycerol and propylene glycol were measured at a series of 
times after excitation using time-correlated single-photon 
counting. Fluorescence spectra of a solution of RB in pro- 
pylene glycol (3 X 10e6M> are shown in Fig. 7. The 
excitation wavelength is 556 nm; the sample temperature is 
250 K. The peak heights have been normalized. The con- 
centration of this solution is too low for EET to occur. 
Solvent relaxation causes the emission spectrum to shift to 
lower energy on the nanosecond time scale. Solvation of 
excited chromophores has been extensively studied for a 
number of dye molecules in solvents of varying character- 
istics.‘3P54 The dipole moment of a RB molecule changes 
direction and magnitude upon electronic excitation. As the 
polar solvent reorganizes about the modified RB dipole, 
the energy difference between the initial Franck-Condon 
excited electronic state and the ground state is reduced. 
The solvation process has a complicated time dependence 
that depends on the dynamics of the solvent molecules and 
specific interactions between solvent and solute. 

Figure 8 compares the rates of solvent relaxation for 
the same low-concentration rhodamine B/propylene glycol 
solution at three different temperatures, 273, 250, and 200 
K. Excitation occurred at 556 nm, near the peak of the 
absorption spectrum. The peak of the emission spectrum is 
plotted vs time after excitation. At room temperature (not 
shown), the fluorescence spectrum completely relaxes in 
less than 1 ns after excitation. As the temperature is low- 
ered, the Stokes shift becomes progressively slower. Similar 
measurements have been made for solutions of rhodamine 
B in glycerol. At a given temperature, the solvation dy- 
namics occur more rapidly in propylene glycol than in 
glycerol, e.g., essentially no solvent relaxation occurs at 
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FIG. 8. Peak energy of the fluorescence spectrum (in cm-‘) plotted vs 
time after excitation for the low-concentration (3 x 10V6M) rhodamine 
B/propylene glyco1 solution. Excitation was at 556 mn. Temperatures 
shown are (*) 273 K, (A) 250 K, and (0) 200 K. As the temperature is 
lowered and solvent mobility reduced, solvent relaxation occurs more 
slowly. 

250 K in glycerol. This is consistent with glycerol’s greater 
viscosity at any temperature. 

V. COMPARISON OF THEORY AND DATA 

In this section we compare the results of calculations 
made using the model developed in Sec. II to the measure- 
ments of dispersive EET in glycerol and propylene glycol 
that are presented in Sec. IV. The comparison permits a 
more quantitative consideration of the rate of spectral dif- 
fusion and a determination of the mechanism responsible 
for spectral diffusion. 

Loring has recently developed a relationship between 
the inhomogeneous line shape of a chromophore and the 
thermodynamic free energy for the solute/solvent system, 
which is calculated from linearized salvation theories.4’ 
Monte Carlo simulations of line shapes for a dipolar hard- 
sphere solute in a dipolar hard-sphere solvent have also 
been performed. The results show that there is substantial 
inhomogeneous line broadening (hundreds of wave num- 
bers) for a polar solute in a polar solvent. This arises from 
the orientation dependence of the dipole-dipole interaction 
between a chromophore and solvent molecules. We have 
measured the width of the lowest vibronic transition of 
$4, for rhodamine B in glycerol at 90 K to be -600 
cm -I. At this temperature the absorption spectrum is pre- 
dominantly inhomogeneously broadened. These two re- 
sults show that in systems such as rhodamine B in glycerol 
or propylene glycol, there is inhomogeneous broadening of 
hundreds of cm-’ due to solute-solvent dipolar interac- 
tions. 

Since dipole-dipole interactions between the solute and 
solvent cause extensive inhomogeneous broadening, it is 
clear that the time scale for the evolution of these interac- 
tions can determine the extent to which inhomogeneous 
broadening will be manifested in an EET experiment. In 
the limit that reorientation of the chromophores or the 

GS(t) 0.5 

01 
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T=250K 1 

GS(t) 0.5 

T=200K 
I 

GS(t) 0.5 

FIG. 9. Comparison of measurements of dispersive EET made on RB in 
glycerol (3 x 10-‘M) with calculations of dispersive transfer made with 
the model described in Sec. II. The data are the same as shown in Fig. 5. 
The three excitation wavelengths are (from bottom to top) 560, 570, and 
580 mn. At 297 K only 560 and 580 nm are shown. Parameters used for 
the calculations are Aoi(r = 0) = 6MJcm-‘, A& = 17 300 cm-‘, c= 1.5. 
The homogeneous widths at each temperature are T=297 K, AmJt 
= 0) = 175 cm-‘; T=250 K, Aod(l = 0) = 148 cm-‘; T=200 K, 
Amd(t = 0) = 50 cm-‘. The best-fit values of R, the fluctuation rate 
causing spectral diffusion, are given in Table II. 

solvent dipoles occurs very quickly (relative to the time 
scale of EET) there will be no dispersive transport. The 
variations in the interaction energy between solvent and 
solute chromophore would be motionally averaged. If re- 
orientation of dipoles occurs on the same time scale as the 
excitation transfer, the inhomogeneous broadening will 
continuously decrease throughout the experiment, while 
the dynamic linewidth increases due to spectral diffusion 
(Figs. 1 and 2). 

Figure 9 shows a comparison of calculations of disper- 
sive transfer in glycerol to the experimental measurements 
of EET. The concentration of RB in glycerol is 3 X 10m3 M 
(reduced concentration, c = 1.5 ) . The excitation wave- 
lengths are the same as in Fig. 5: 560,570, and 580 nm. For 
the calculations we have used the same parameters as for 
Fig. 2. AEO = 17 300 cm-’ and Atii(t = 0) = 600 
cm-‘. At room temperature the homogeneous linewidth is 
taken to be Atid(t = 0) = 175 cm-‘, the homogeneous 
linewidth observed by photon echoes for similar dye mol- 
ecules in ethylene glycol. z(a) The homogeneous width is 
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TABLE II. Results of comparisons between data and fits to the dispersive 
transport model. R is parametrized in terms of excited-state lifetimes (3.3 
us for RB in these solvents). 

R (VT)-’ 

Temperature Propylene 
(K) dYW1 

297 10 
273 1 
250 0.1 
200 <O.Ol 

Glycerol 

0.5 
. . . 
0.01 

co.01 

unknown at the lower temperatures; it is scaled linearly 
down to 250 K ( 148 cm- * > and set equal to 50 cm- ’ at 
200 K. The adjustable parameter used in fitting the data is 
R, the fluctuation rate leading to spectral diffusion. R is 
parametrized in terms of the excited-state lifetime, which is 
3.3 ns for RB in these solvents. The values obtained from 
the comparison shown in Fig. 9 are given in Table II. 

Considering the complexity of the problem, the calcu- 
lations are in good agreement with the data. We believe the 
deviation observed for the excitation wavelength to the 
blue side of the S’&?r transition (560 nm) arises from 
excitation into higher vibronic transitions of So-S,. The fits 
are only sensitive to variations in R when the dynamic 
linewidth is changing appreciably on the time scale of EET 
(approximately the excited-state lifetime, 7). Therefore, 
for R<~/T the fit is insensitive to the value of R (see Fig. 
2). 

Figure 10 shows a similar comparison made for a 
2.5 X 10F3 M solution of RB in propylene glycol (c= 1.2). 
Excitation wavelengths are 4 nm to the blue for RB in 
propylene glycol: 556, 566, and 576 nm, and AE, 
= 17 420 cm-‘. The inhomogeneous linewidth at t=O and 
homogeneous linewidths that are used in the calculations 
are identical to those used for glycerol. R is varied to fit the 
data; the results of the fits are also given in Table II. Once 
again the data and calculations are in good agreement. At 
room temperature EET is nondispersive in propylene gly- 
co1 (Fig. 4). Figure 2 demonstrates that R 2 10 at room 
temperature. 

The results in Table II show that the rate of spectral 
diffusion is faster in propylene glycol than in glycerol. Be- 
low 250 K, where the rate of spectral diffusion becomes 
much slower than the rate of EET, the dispersive transport 
experiment cannot provide information on R or distinguish 
a difference in the rates in glycerol and propylene glycol. 

We can now compare the time scale for spectral diffu- 
sion measured by the dispersive EET measurement to the 
time scale for other molecular dynamics occurring in pro- 
pylene glycol and glycerol. These include reorientation of 
the RB molecule, solvent relaxation, and reorientation of 
solvent molecules. In general, as the temperature decreases 
the rates of all the dynamical processes in glycerol and 
propylene glycol decrease. The viscosity increases (Table 
I), probe reorientation (Fig. 6) slows down, the time scale 
for solvent relaxation (Fig. 8) becomes longer, and the rate 
of spectral diffusion decreases (Table II). 

GS(t) 0.5 

GS(t) 0.5 

t/r 

FIG. 10. Comparison of measurements of dispersive EET made on RB in 
propylene glycol (2.5 x lo-‘M) with calculations of dispersive transfer 
made with the model described in Sec. II. The data are the same as shown 
in Fig. 4. The three excitation wavelengths are (from bottom to top in 
each figure) 556, 566, and 576 nm. Only 556 and 576 nm are shown at 
273 K. Parameters used for the calculations are Aw,(t = 0) = 600 
cm -‘, AE, = 17 420 cm-‘, c= 1.2. The homogeneous widths at each tem- 
perature are T=273 K, Aq,(t = 0) = 160 cm-‘; T=250 K, Aq,( t 
= 0) = 148 cm-‘; T=200 K, AOd(t = 0) = 50 cm-‘. The best-fit 
values of R, the fluctuation rate causing spectral diffusion, are given in 
Table II. 

If the inhomogeneity is caused by the variations of the 
solvent dipolar fields at the various chromophores, reori- 
entation of the chromophores will result in spectral diffu- 
sion. As a chromophore rotates, the interactions of its 
ground and excited states’ dipole moments with the solvent 
field will change, and therefore the transition energy will 
change. The reorientational diffusion data shows that this 
is not the mechanism responsible for the spectral diffusion; 
the rate of reorientation of RB is too slow. At room tem- 
perature in propylene glycol no dispersive transport is ob- 
served. However, the reorientation correlation time is 
longer than one excited-state lifetime. Figure 2 shows that 
for R = 1 (rate of spectral diffusion equal to the rate of 
excited-state decay), some dispersive transport should be 
observed. At 273 K, the reorientation is very slow. If chro- 
mophore reorientation is the mechanism responsible for 
spectral diffusion, the spectral line should be extensively 
inhomogeneously broadened on the time scale of EET, and 
EET should be highly dispersive. Nevertheless, Fig. 5 
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shows that EET is only mildly dispersive. The reorienta- 
tion time for RB in glycerol is extremely slow at room 
temperature (curve d in Fig. 6), yet the EET is only 
slightly dispersive. 

Comparing the results in Table II to the time scale for 
solvation (Fig. S), we see that the fluctuations causing 
spectral diffusion occur more slowly than solvent relax- 
ation. If rr is defined as the chromophore reorientation 
time, rs the solvation time, and rR the correlation decay 
time of the fluctuations leading to spectral diffusion, based 
on the data presented here: rr > rR > rs This relation ap- 
plies to both propylene glycol and glycerol. 

solvent dipoles’ orientations. Solvation is caused by small 
changes in the solvent dipoles’ orientations restricted by 
the local solvent structure. Restricted orientational 
relaxatioP occurs at a faster rate than full loss of 
orientational correlation responsible for spectral diffusion. 

VI. CONCLUDING REMARKS 

As we have discussed above, there is substantial evi- 
dence that the inhomogeneous broadening of the .S&‘i RB 
transition in propylene glycol and glycerol arises from di- 
polar interactions between solute and solvent.45 As long as 
the solvent dipoles remain fixed relative to the RB dipole, 
the position of the chromophore in the inhomogeneous line 
will remain fixed. Reorientation of either the solute or sol- 
vent causes the dipole-dipole interaction to change, result- 
ing in spectral diffusion. Reorientation of RB occurs too 
slowly to account for the rate of spectral diffusion. Data 
from light scattering5’ and NMR (Ref. 56) measurements 
of glycerol and ethylene glycol give a time scale for rota- 
tion of the dipolar groups (the hydroxy groups) of these 
two molecules. Their reorientation rate is determined by 
the rate that hydrogen bonds are broken. Dipolar segments 
in glycerol reorient in - 1 ns at room temperature; in eth- 
ylene glycol in - 100 ps. 55(b) These times are not exactly 
the orientational relaxation times of the entire solvent mol- 
ecules. However, they should be similar or slightly faster 
than the desired times. Ethylene glycol is almost equivalent 
to propylene glycol in that there are two hydroxy groups 
per molecule, and the viscosities differ by only a factor of 2 
at room temperature. 57(a) We have made estimates of the 
reorientation times at lower temperatures based on the 
changes in viscosity with temperature. 

Femtosecond photon-echo experiments in room- 
temperature viscous liquids measure the homogenous 
dephasing time and reveal that the optical-absorption spcc- 
trum is inhomogeneously broadened on the femtosecond 
time scale. They do not determine on what time scale the 
spectrum becomes dynamically broadened through spec- 
tral diffusion. The solute chromophore experiences a wide 
variety of solvent configurations that modify the solute’s 
electronic structure. On the femtosecond time scale, these 
distinct solvent environments give rise to inhomogeneous 
broadening. On a sufficiently long time scale, all solvent 
configurations will be sampled by a chromophore. The 
measurement of the rate of spectral diffusion using EET 
demonstrates that the time scale for spectral diffusion for 
ionic dyes in viscous hydrogen-bonding solvents is orders 
of magnitude longer than the time scale for homogeneous 
dephasing. The femtosecond echo experiments show that 
the homogeneous linewidth is approximately one-quarter 
of the total linewidth. The rest of the linewidth is sampled 
on a nanosecond time scale by spectral diffusion. 

The time scales for solvent reorientation is the correct 
time scale to account for the observed spectral diffusion. 
Thus, we propose that orientational diffusion of solvent 
molecules causes fluctuations in the dipolar interactions 
between RB and the polar solvent that lead to spectral 
diffusion. Therefore, the rate of decay of the orientational 
correlation function becomes the rate of spectral diffusion. 
The probability of finding a chromophore in its initial lo- 
cation in the inhomogeneous line decays as the solvent 
orientational correlation-function decays. Here for simplic- 
ity we have taken the decay of the orientational correlation 
function to be a single exponential with decay rate, R. It is 
this rate that is used in the gate function to calculate the 
time dependence of spectral diffusion. The nature of the 
theory for spectral ditIusion’9(b) permits any form of the 
fluctuation rate distribution. Therefore it is possible to em- 
ploy a distribution of rates. For our purposes here, a single 
rate is adequate. 

The difference in the time scales for spectral diffusion 
and solvation probably arises from the range of solvent 
orientational motions that is required for each process. 
Spectral ditfusion involves full loss of correlation of the 

Recent theoretical work by Walsh and Loring’ has 
addressed the mechanism for femtosecond dephasing in 
liquids. Walsh and Loring make a convincing argument 
that the ultrafast dephasing arises from near-neighbor col- 
lisions between the chromophore and the solvent mole- 
cules. These collisions (position fluctuations) change the 
local chromophore-solvent potential, causing the energy 
fluctuations responsible for homogeneous dephasing. The 
collisions are caused by the ultrafast thermal fluctuations 
in local position of the solvent molecules. On a much 
longer time scale, these fluctuations lead to macroscopic 
diffusion. On the femtosecond time scale, the positions of 
molecules are essentially fixed. Displacement by diffusion 
is on the order of 0.01 A compared to molecular sizes of 
several A. On the ultrafast time scale, these fluctuations in 
position are more akin to the phonon-induced fluctuations 
in crystals. In contrast, the experiments presented here 
demonstrate that the nanosecond time scale spectral diffu- 
sion is caused by randomization of the local solvent struc- 
ture by rotational diffusion (and possibly translational dif- 
fusion). A chromophore is excited in the presence of an 
electric dipolar field produced by the solvent. This field 
determines the position of the chromophore transition en- 
ergy in the inhomogeneous line. As the orientational cor- 
relation function associated with the solvent molecules de- 
cays, the dipolar field also loses correlation with its t=O 
value. As the dipolar field correlation function decays, the 
spectrum becomes dynamically broadened by spectral dif- 
fusion. 

While spectral diffusion involves the randomization of 
dipole orientations, solvent relaxation involves correlated 
changes in dipole orientations. The local solvent structure 
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determines the dipolar field at the instant of optical exci- 
tation of the solute chromophore. Excitation changes the 
chromophore’s dipole moment. The solvent structure 
evolves under the influence of the changed dipolar field 
produced by the chromophore. This is a relaxation of the 
local structure to a related structure rather than a random- 
ization. While this relaxation involves changes in orienta- 
tion and position of the solvent molecules, it occurs more 
rapidly than the total randomization that is responsible for 
spectral diffusion. The fact that the relaxed solvent struc- 
tures are correlated with the original structures is demon- 
strated by the observation of the wavelength dependence of 
EET even when the system is undergoing fast solvent re- 
laxation. EET occurs on a longer time scale than solvent 
relaxation in, for example, RB in propylene glycol at 273 
or 250 K, yet these samples display a wavelength depen- 
dence. If solvent relaxation randomized the local solvent 
structures prior to EET, the wavelength dependence would 
not be observed. 

The determination of the rate of spectral diffusion us- 
ing the dispersive EET experiments permits a firm predic- 
tion to be made about the outcome of femtosecond stimu- 
lated echo experiments. In the model used here, there are 
only two time scales and two mechanisms that influence 
optical dephasing, the femtosecond time scale for solvent- 
chromophore collisions and the nanosecond time scale for 
the relaxation of the dipolar field at the chromophore by 
solvent orientational randomization. The femtoscale time- 
scale dynamics result in homogeneous dephasing and the 
nanosecond dynamics give rise to spectral diffusion. The 
photon echo measures homogeneous dephasing. The stim- 
ulated echo measures a combination of homogeneous 
dephasing and spectral diffusion. The model and measure- 
ments presented here predict that as T, approaches the 
nanosecond time scale in RB in propylene glycol at 273 K 
or in glycerol at room temperature, the stimulated echo 
decay will become faster. The decay rate will increase ap- 
proximately a factor of 4 as T, increases from a fraction of 
1 ns to 10 ns. For times longer than 10 ns, the decay rate 
will no longer increase appreciably with increasing Tw Be- 
cause of the very fast decay times implied by these predic- 
tions, examining spectral diffusion in a system like this is a 
severe challenge to the femtosecond nonlinear spectrosco- 
pist. Therefore, other methods, like the one described here, 
are useful for the investigation of spectral diffusion in liq- 
uids. 
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