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Dynamic Stokes Shift in Coumarin: Is It Only Relaxation? 
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Picosecond fluorescence spectra of coumarin 153 in  solution show transient line narrowing. The peak‘s frequency shift and 
its area decay are nonexponential in time. A biexponential fit reveals a correlation between the fast exponents for the shift 
and area decay at different temperatures. A plot of shift as a function of area is temperature independent at short times. 
These findings are consistent with an inhomogeneous mechanism for the early part of the dynamic Stokes shift. Several 
suggested experiments may help distinguish between inhomogeneous and relaxation mechanisms. 

1. Introduction 
Dynamics of solvation is a rapidly growing field, as manifested 

by a number of recent review articles.’-2 The simplest ultrafast 
solvation process occurs when a rigid dye molecule is electronically 
excited in a polar solvent. The excited molecule typically has a 
much larger dipole moment. When its fluorescence spectrum is 
followed as a function of time, a red shift is observed.’-8 Initially, 
its peak is close to that of the absorption spectrum and with time 
approaches the maximum of the steady-state fluorescence spec- 
trum. This “dynamic Stokes shift” has been first observed by Ware 
and co-workers3 using nanosecond spectroscopy. Recent advances 
in laser technology enabled an extensive study of this phenomenon 
in the pico- and femtosecond time  regime^.^-^ 

The above experimental findings have become the subject of 
growing theoretical A nearly universal underlying 
assumption in theoretical interpretation is that the transient 
spectral shift is due to relaxation of solvent molecules around the 
newly formed dipole. This point of view is undoubtedly influenced 
by an earlier idea of Onsager.I6 In spite of its pivotal role, this 
basic assumption has been neither challenged nor verified for 
dynamic solvation. 

The above can be illustrated by the ubiquitous picture of two 
displaced parabolas for the ground- and excited-state potentials 
as a function of a “solvent coordinate” (Figure 1). Excitation 
is a “vertical” process, during which the solvent conformation has 
no time to change; hence, it produces conformations well displaced 
from the equilibrium conformation around the excited molecule. 
Since the vertical distance between the parabolas depends on the 
coordinate, the dye molecule fluoresces a t  a slightly different 
wavelength for different solvent conformations. Hence, the 
steady-state fluorescence spectrum is red-shifted (smaller energetic 
separation) compared to the excitation spectrum. The transient 
shift, it is argued, is due to solvent relaxation around the newly 
formed dipole which is mapped into the observed spectral relax- 
ation. 

In addition to shifting, it is observed that the spectral line 
narrows with This has been interpreted6 as an indication 
for a narrower solvation potential for the excited state, resulting 
from its larger dipole moment. The assumption that the shape 
of the potential along the solvation coordinate is mapped into the 
spectral line shape implies that this line shape must be, to some 
extent, inhomogeneously broadened. Hence, at every instant one 
observes a distribution of solvent conformations rather than a single 
conformation with a purely homogeneous line width. If this is 
so, the spectral shift may be due to the inhomogeneity in the 
spectrum in addition to solvent relaxation. This may occur if an 
excited molecule surrounded by solvent in conformations favorable 
for its ground state also converts faster to the ground state, as 
depicted by the arrows in Figure I .  

An inhomogeneous mechanism for chemical kinetics is well- 
documented for ligand binding to heme proteins.I7 In glasses 
at low temperatures it is known for over a decade that the observed 
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kinetics reflect a distribution of barrier heights.]* While a 
transient blue shift in  the near-IR band of myoglobin following 
cryogenic ligand photodissociation has been initially attributed 
to protein relaxation,19 it has subsequently been demonstrated*22 
that, a t  least at very low temperatures, the shift is due to dif- 
ferential rebinding (“kinetic hole burningnz0). The redder con- 
formations, with the iron closer to the heme plane, also rebind 
faster and hence disappear first from the spectrum. As the tem- 
perature is increased, one expects a transition23 from inhomoge- 
neous kinetics of static conformations to dynamical relaxation. 

It is not inconceivable that solvents a t  short times behave like 
glasses. The present paper therefore investigates the possibility 
that part of the dynamic Stokes shift is due to kinetic hole burning. 
Maroncelli and Fleming6 have measured the transient picosecond 
fluorescence spectrum of a rigid dye molecule, coumarin 153, in 
1-propanol at five different temperatures. Their data are suitable 
for analysis along the lines of ref 21. The analysis, described in 
detail below, shows that the shift at short times (over 50% of the 
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Figure 1. Schematic representation of Stokes shift dynamics. Full, bold 
curves represent ground and excited potential energy surfaces as a 
function of a solvent coordinate. An initial distribution of solvent con- 
formations (lower dashed curve) is unaltered upon electronic excitation 
(upper dashed curve). This distribution could subsequently move to the 
right either by relaxation toward the bottom of the excited-state well or 
due to a coordinate-dependent decay rate, as depicted by the arrows. 

total shift) is indeed consistent with an inhomogeneous mechanism. 
A series of suggested experiments could assess the extent of this 
effect on the observed time-dependent Stokes shifts. 

2. Theory 
Although more elaborate theories are available,23 it is instructive 

to illustrate the differences between the relaxation and imho- 
mogeneous mechanisms discussed in the introduction with the aid 
of a simple kinetic model. This model is not expected to fit any 
of the data quantitatively but would exemplify the qualitative 
correlations on which we base the analysis of experimental results 
in  the next section. 

We begin by postulating two "solvent conformations", A and 
B, each with a rectangularly shaped spectral line of full width 1 /2 
(in some arbitrary frequency scale denoted by x) and an initial 
height of unity. For sake of demonstration, we assume that the 
two conformations have equal extinction coefficients and initial 
probabilities. Hence, at t = 0 the two half-peaks are equal in 
amplitude, so the observed intensity is 

0 I x I 1 I(x,O) = 1 ,  

Z(x,O) = 0, x < 0, 1 < x (1) 

This is demonstrated in Figure 2. The total area of I(x,O), denoted 
below by a(?), is unity, and its average frequency is X(0) = 1/2. 
As the intensities of the two half-lines change according to kinetic 
schemes below, a ( t )  diminishes and f ( t )  shifts. While each of 
the half-lines is assumed to have a constant width of 1 /2  at all 
times, the width of the combined line at the height corresponding 
to a ( t ) / 2  could change discontinuously from 1 to 112. In  this 
section we focus attention on the implied relationship between shift 
and area. 

The two simple schemes below were chosen to mimic relaxation 
and inhomogeneous kinetics. In both models, A and B are assumed 
to decay with a rate constant ko, ko-' being the analogue of a 
radiative lifetime. In  addition, we assume a second rate process, 
with a rate coefficient k ,  which has different roles in the two 
models. I n  the relaxation model 

A AB 
l ko  lko 

k is the rate coefficient for transitions from A to B. In the 
inhomogeneous scheme 

(3 )  

there are no transitions between A and B, but the decay of A is 
faster than that of B due to an additional decay process, say, 
nonradiative decay, represented by the rate constant k .  

2 

X 

Figure 2. A simple model for a fluorescence line shape which is both 
inhomogeneously and homogeneously broadened. x is frequency or 
wavelength in  some arbitrary units. The inhomogeneous broadening is 
due to the existence of two solvent conformations, A and B, which emit 
at x = 1 /4 and 3/4. Each of the two bands is homogeneously broadened, 
with a homogeneous full width of 1/2 and identical intensities. 

It is easy to evaluate the time dependence of the area, a(t), and 
average frequency, n( t ) ,  for the two models assuming equal initial 
probabilities for A and B. For the relaxation model (2), we obtain 

a ( [ )  = exp(-kot) (4a) 

n ( t )  = y8 exp(-kt) + y8[2 - exp(-kt)] (4b) 

I n  eq 4b, the factors 114 and 314 are the mean frequencies of 
the two half-lines and the weights with respect to which the average 
is calculated are the areas of the half-bands divided by the total 
area, a( t ) .  Therefore, the factor exp(-kot) does not appear. The 
exponential terms come from the solution of the rate equations 
for scheme 2. Likewise, for the inhomogeneous scheme 3 we find 
that 

a ( [ )  = !12 exp(-kot)[l + exp(-kt)] (Sa) 

n(t) = y4[3 + exp(-kt)]/[l + exp(-kt)] (5b) 

In  both cases a( t )  decays from unity to zero and X ( t )  shifts from 

The qualitative difference between eqs 4 and 5 is evident: For 
the relaxation model, eq 4, there is no relation between area and 
shift, as only the latter depends on the rate constant k .  In contrast, 
the inhomogeneous mechanism, eq 5, implies that both area and 
shift have an identical fast decay component, exp(-kt). When 
spectral shift is fast compared to radiative lifetime, k >> k,, then 
for kot << 1 we may replace exp(-k,t) by 1. Under these conditions 
the observed shift becomes a simple function of the area 

(6) 

112 to 314. 

n ( t )  = y4[1 + a( t ) - ' ]  

As a ( t )  decreases from 1 to 112 due to the disappearance of the 
peak corresponding to state A from the spectrum, the overall mean 
frequency shifts from 112 to 314. In a situation where k varies 
say, with temperature, eq 6 predicts a universal relation between 
shift and area irrespective of temperature. 

While the specific model above is oversimplified, only the 
quantitative aspects of eq 6 depend on details such as line shapes, 
number of conformations, etc. The mere existence of a correlation 
between shift and area follows from the basic property of an 
inhomogeneous broadening mechanism in which different con- 
formations both fluoresce at different wavelengths and react with 
different rates. 

3. Results 
The results reported in this section are based on the picosecond 

measurements by Maroncelli and Fleming6 of the dynamic Stokes 
shift of coumarin 153 in I-propanol in  the temperature range 
222-298 K. In ref 6, the decay of the fluorescence intensity as 
a function of time at various wavelengths, I x ( t ) ,  was deconvoluted 
from the instrument response function ( 1  IO-ps fwhm) and fit to 
a sum of 1-3 exponentials. To obtain the spectrum as a function 
of wavelength at different times, [,(A), one may invoke the property 
that the steady-state ( S S ,  continuous illumination) fluorescence 
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Figure 3. Transient fluorescence spectra of coumarin 153 in I-propanol 
a t  the two most extreme temperatures monitored in ref 6 .  Points are 
experimental data, rearranged according to eq 7, at t = 20 (open trian- 
gles), 50 (full squares), 200 (open squares), 500 (full circles), 2000 (open 
circles), and 5000 ps (full triangles). Plus signs represent the steady-state 
spectrum rescaled to the transient data at 5 ns. Lines are best fit to a 
log-normal distribution, eq 8. 

spectrum, Is(A), is the time integral of the transient spectra, If(A). 
This gives 

Evidently, the accuracy of the procedure depends on accurate 
knowledge of both SS spectrum and time integral of the kinetic 
traces. Since the short-time fluorescence spectrum is shifted to 
the blue relative to the SS spectrum, its blue edge is least accu- 
rately determined by the above procedure. The performance of 
the time integral introduces additional inaccuracies due to the 
unresolved short-time behavior of IA(t) and its unmeasured 
long-time dependence. The latter was corrected for by assuming 
that the experimental traces, followed in ref 6 up to 5 ns, can be 
extrapolated to 10 ns from the multiexponential fits and to longer 
times using the overall fluorescence lifetime as determined by 
nanosecond fluorescence measurements. 

The spectra, measured at typically 10-15 wavelengths, are fitted 
to a log-normal d i s t r i b u t i ~ n ~ ~ ~ * ~  

exp[-a InZ (1  + PAu)] I , (u)  = - (8) 
IO 

1 + PAu 

where Au 1 / A  in units of cm-'. There are four 
free parameters in  the fit: The amplitude at the peak, Io, the 
width/skewdness parameters, a and 0, and the frequency at the 
peak, up. The log-normal distribution is a skewed Gaussian 
distribution. (It tends to a Gaussian as PAu -+ 0.) Since it is 
obtained from a Gaussian distribution by a simple change of 
variables, its area, a, and full width at half-height, w ,  are given 

up - u and u 

by 
a = Z,[*/(cUP2)]'/2 (9) 

(10) 

To exact the four parameters, we have used a nonlinear least- 
squares routine, utilizing a mixed gradient/Hessian algorithm 
together with the analytical first (and, optional, second) derivatives 
of f f (u) ,  eq 8, with respect to the parametenZ6 

The spectra obtained by this procedure for the two extreme 
temperatures a t  different times are shown in Figure 3. The 
symbols represent the experimental data, rearranged according 
to eq 7, while the full lines are the best fits to the log-normal 
distribution, eq 8. The SS spectrum (normalized to the amplitude 
of the longest time spectrum) is shown as plus signs. At 298 K 
the shift occurs extremely fast and the transient spectrum con- 
verges to the SS spectrum. I n  contrast, a t  222 K the spectrum 
at  long times is red-shifted relative to the SS spectrum. This is 

w = [exp(A) - exp(-A)]/[P exp(2cw)-'] 

Az = ( 2 c ~ ) - ~  + (In 2 ) / a  
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Figure 4. Transient shift of the frequency of the peak, up- as determined 
from fitting eq 8 to data such as shown in Figure 3. The five tempera- 
tures are6 (top to bottom) 222, 233, 253, 273, and 298 K. 
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Figure 5. Transient decay of the area of the fluorescence peak, a( t ) ,  as 
calculated in eq 9 from the best-fit parameters of eq 8. Temperatures 
as in Figure 4, excluding 298 K.  

due to a slower transient shift which results in some contribution 
of the early time spectra to the time integral defining Iss. Evi- 
dently, the fit to eq 8 is not as good for short times (two of which 
are within the instrument response function) as at longer times. 
One notes from Figure 3 that, when the amplitude is not renor- 
malized, the depletion of the blue edge becomes a significant part 
of the overall shift. 

The transient shift in the peak frequency, up, at five temperatures 
is plotted against time in Figure 4. A plot of the average fre- 
quency, u,  looks qualitatively similar (see Figure 1 l a  in ref 6). 
The accuracy in determining the shift tends to decrease with 
increasing temperature: The data at 298 K are most inaccurate, 
as the shift occurs largely within the instrument response function. 
At the lower temperatures the experimental time resolution is 
adequate. While improved time resolution can help in determining 
whether the "t = 0" origin is temperature independent, at longer 
times the shift is clearly strongly temperature dependent, the higher 
the temperature the faster the shift. The functional form of the 
fit is not monoexponential: It could be fit to either a sum of 
exponentials or a stretched exponential.6 

Figure 5 shows the transient decrease in the peak's area, eq 
9. It is similarly multiexponential and temperature dependent. 
Only at long times the curves approach a single, temperature- 
independent, exponential decay. The curves in Figure 5 have been 
fitted to a biexponential. The longer of the two time constants 
obtained is 4.5 f 0.3 ns and, within these error bars, is temperature 
independent. This number agrees with the radiative lifetime 
obtained by nanosecond measurements (see Table 111 in  ref 6). 
The smaller of the two time constants contributes about 30% to 
the r = 0 amplitude and is strongly temperature dependent. 

The faster of the two decay times of the average frequency ( T ~  

in Table V, ref 6) is plotted in Figure 6 against the faster decay 
time of the integrated intensity for the various temperatures 
studied. The two decay times are clearly correlated. The straight 
line in figure 6 has a slope of 0.7 and intercept of -1 2 ps. While 
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Figure 6. The faster of the two decay times for B ( T ~  in Table V of ref 
6 )  vs the faster of the two decay times for a(r), as obtained from a 
biexponential fit to the data in Figure 5 .  The different temperatures 
(except 298 K) are indicated on the plot. Full curve is a linear fit with 
an intercept of -1  2 ps and a slope of 0.69. 
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Figure 7. (a) Peak frequency, up, vs area, a(r), for the five temperatures 
indicated in the legend. Lines are interpolations. (b) Same as (a) except 
as a function of the peak's amplitude, I,,. 

this intercept is zero to within experimental accuracy, the slope 
deviates from the value of unity suggested for an inhomogeneous 
mechanism by the simple model of section 2. It is nevertheless 
much closer to I than to the value 0 expected for a relaxation 
mechanism. 

As a second test?'z Figure 7a shows the shift in vP as a function 
of a ( t ) .  As suggested by eq 6, a universal correlation between 
peak frequency and area is observed at  early times, namely, when 
a( t )  is close to 1. The curves for all temperatures (except 298 
K )  fall on the same line at  least down to a( t )  = 0.75. This 
corresponds to times up to 500 ps a t  222 K and 200 ps at 273 K. 
During this initial period over 50% of the shift has occurred. The 
data a t  298 K deviates perhaps because at that temperature the 
shift is faster than the experimental time resolution. As seen in 
Figure 7b, a similar behavior is observed when the shift is plotted 
against the amplitude, Io. This plot may involve somewhat smaller 
errors, because 1, is one of the fitting parameters while a ( t )  is a 
combination of three of the fitting parameters; see eq 9. 

Coumarin 153 in n-propanol I 
rE u 0,34!i 
v 0.32 

0.28' ' ' ' ' ' ' ' ' ' 
0 500 1000 1500 2000 

tlme (ps) 
Figure 8. Width, w ( t ) ,  as calculated using eq IO and the best-fit pa- 
rameters to eq 8, as a function of time. Temperatures are as in the legend 
of Figure 7a, and the line is merely to guide the eye. 

Finally, Figure 8 shows the width, eq 10, as a function of time. 
The symbols are the data at different temperatures. At long times 
the width is generally larger a t  higher temperatures. For all 
temperatures it is clear that the bandwidth decreases with time. 
Since it is more difficult to determine the width than it is to 
determine the peak's amplitude and frequency, we have drawn 
a curve simply to guide the eye. 

4. Discussion 
This paper has analyzed the transient Stokes shift observed6 

for a rigid dye molecule. The initial width of the fluorescence 
spectrum decreases with time. While this can be interpreted as 
either a narrower excited-state potential or a faster decay of the 
blue edge, both interpretations imply that there must be some 
degree of inhomogeneous line broadening. The correlation between 
the fast decay times of the area and the shift a t  different tem- 
peratures and the equivalent statement that a plot of shift vs area 
shows universal, T-independent behavior at short times are both 
consistent with an inhomogeneous interpretation for the short-time 
behavior. In this interpretation the excited molecule surrounded 
by solvent in conformations commensurate with its ground-state 
decays to it faster. Since these conformations are blue-shifted, 
and the line shape is partially inhomogeneously broadened, the 
spectrum shifts to the red. 

The detection of inhomogeneous effects is complicated by 
solvent relaxation, which becomes dominant a t  long times. 
Therefore, additional suggested experiments may help in differ- 
entiating between the mechanisms responsible for the shift: 

Absolute Quantum Yields. The relative insensitivity of the 
radiative lifetime to temperature compared to the large variation 
in the rate of frequency shift with T suggests that if an inho- 
mogeneous mechanism is indeed causing some of the shift, this 
mechanism is nonradiative. Accurate measurements of the ab- 
solute quantum yield (ratio of photon absorbed to photons em- 
itted), especially at short times, could determine whether a non- 
radiative fluorescence quenching pathway plays a role in the decay 
of the coumarin fluorescence. 

Low-Temperature Experiments. One may argue that in glasses 
no solvent relaxation is anticipated. An older nanosecond mea- 
~ u r e m e n t ~ ~  below the freezing point of l-propanol and a recent 
picosecond mea~urement~~ (time scale 100 ps-10 ns) on a different 
coumarin molecule in a butanediol glass at 88 K show a definite 
though small shift. It would be interesting to follow the kinetics 
in glasses to much longer times by using either sensitive time- 
correlated single-photon counting or probe molecules with longer 
radiative lifetimes. For an inhomogeneous mechanism one expects, 
in analogy to heme protein  kinetic^,'^.*^ a multiexponential shift 
on a slower time scale. 

Temperature Cycling. This suggestion is modeled after an 
experiment designed to demonstrate kinetic hole burning in 
myoglobin.20 The sample is first cooled to near 0 K and the 

(27)  Maroncelli, M. Unpublished data. 
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fluorescence spectrum recorded. This serves as a reference, un- 
relaxed spectrum. Next an intense light source is applied, so that 
100% of the dye molecules are excited. The sample is heated to 
an appropriate temperature under illumination and cooled down 
again to near 0 K.  Finally, the intense light source is turned off 
and the fluorescence spectrum recorded again. If relaxation has 
taken place at the elevated temperature, the spectrum measured 
after recooling should be shifted accordingly. 

Pulse-Train (“Pumping”) Experiment. This suggested ex- 
periment is also modeled after a heme protein experiment.Isb 
Suppose the sample is irradiated by an intense laser emitting a 
pulse train with a repetition rate that is high compared to the 
average Stokes shift duration (e.g.. a 50-ps pulse emitted every 
500 ps for a coumarin sample at  220 K) .  The transient 
fluorescence spectra are measured as a function of a pulse-train 
duration after the last pulse in the train. I f  a relaxation mechanism 
operates, we expect that each pulse in the train promotes partial 
relaxation of the solvent toward its excited-state configuration. 
Between pulses, the solvent does not completely relax in the op- 
posite direction before an additional pulse in the train promotes 
additional relaxation. The expected effect is of larger relaxation 
for longer pulse-train duration. 

Gas-Phase Measurements. The line shape and decay kinetics 
in the gas phase should be measured and used as a reference for 
the solution-phase measurements.28 

Optical Hole Burning. I f  the line shape is inhomogeneously 
broadened, it should be possible to burn a hole in the absorption 
spectrum by using a narrow excitation band.29 Such measure- 
ments could determine the relative magnitude of inhomogeneous 
vs homogeneous line broadeningM In addition, fluorescence decay 
could be monitored as a function of excitation wavelength. In  
the limit that only a single conformation is excited, the inho- 
mogeneity is removed and the only mechanism for shift is re- 
laxation. 
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The products of the photodissociation of CH3O2 in the 248-nm (KrF) excimer laser photolysis have been investigated by 
using bcth emission spectroscopy and laser-induced fluorescence (LI F). Among the products OH(A22+), OH(X211), and 
CH30(X2E) have been identified with fractional yields of the latter two of p(0H) = 0.06 f 0.03 and p(CH,O) = 0.2 & 
0.1. Formation of OH(A2Z+) is suggested as a diabatic process involving an excited state of CH200H. The observed emission 
is sufficiently strong to utilize the 248-nm photodissociation of CH302 as a monitor of this species in kinetic experiments. 

Introduction SCHEME I 
The CH302 radical has a well-known near-UV absorption with 

an absorotion coefficient at maximum near 235 nm of u = (4.8 CH302 + h’(248 nm)  - CH30(R2E) 0(3p) (-234.0) 
f 0.4) x’ I 0-l8 cm2.1-) The corresponding electronic transition 
has not been fully characterize! but bajed on the analogy with 
H 0 2  probably corresponds to X2A” - B2A” which is both spin 
and orbital allowed. The structure of the spectrum suggests that 
the excited CH302 state is predissociative with the energetically 
possible fragmentation channels (with AHR/kJ mol-’ values in 
parentheses) given in Scheme I.  As a consequence we may expect 
cleavage of the 0-0 bond as well as of the (weaker) C-0 bond. 
The most exothermic products are C H 2 0  + OH which may be 

- CH3O(R2E) + O(lD) - CH3(R2A,”) + 02(X’Z,) 

- CH3(R2A2”) + 02(a’A,) - CH,(R2A2”) + 02(b’Z,) - CH2O(%’A1) + OH(X211) 

formed by 0-0 bond cleavage from C H 2 0 0 H  after initial - CH,O(PA,)  + OH(A%+) 
isomerization of CH3O2. Among the electr_onically excited 
fragments 02(X,a,b), OH(A2Z+) and CH20(A1A”) are ener- 
getically possible. Formation of excited CH30(A2AI)  and 
CH3(A2A”) is endothermic by 143 and 553 kJ mol-’, respectively, 
and can therefore not be obtained with 248-nm radiation in a 
one-photon process. 

Investigations of the photodissociation products of CH302 have 

* Author to whom correspondence should be addressed. 

0022-3654/90/2094-2963$02.50/0 

- CH20(A1A”) + OH(X211) 

(-44.3) 

(-3 53 .O) 

(-258.7) 

(-196.1) 

(-569.5) 

(-183.1) 

(-239.5) 

to our knowledge not been performed previously. One of the 
interesting questions is whether the photodissociation of CH,02, 
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