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can be derived for the limiting case where all ions A in the solution 
are sorbed by the ion exchanger (c~,.. - 0). Unless the separation 
factor a is very large, this implies that XA,= << 1 (small conversion 
of the ion exchanger). If the initial and boundary conditions are 
the same as before, and if we put in approximation X A  << 1 and 
XA2 << XA,  the system of the resulting n linear differential 
equations 

dXA,i Rj* n -- - - I C ~ -  C X A , i Q i ] ;  i = I ,  2, ..., n (13) 
dt V i=  1 

can be solved by using Laplace transformations. The resulting 
rate laws, however, are useful approximations only during the first 
period of the reaction, i.e. up to the time T, where the fastest 
fraction exhibits its maximum value for U and the solution has 
reached its equilibrium almost completely. For the fractional 
attainment of the solution we obtain 

VSol(t) = 1 - exp(-at) (14) 

where 
n 

i= I 
a = (I/V)CQjRj* (15 )  

Equations 14 and I5 show that compared to a monodisperse system 
(where a = QR*/V) ,  the solution approaches in a polydisperse 
system its equilibrium according to the weighted mean of the rate 
coefficients R*. The half-time for the concentration of the ions 
in solution is thus 

t i 1 2  = 0 . 6 9 / ~  (16) 

and the time T, where the concentration of the ions in solution 
approaches 99% of their equilibrium value, becomes 

T = 4.6/a (17) 

For the fractional attainment of the ith size fraction of the ion 
exchanger we can write 

(18) 
The corresponding values for the fractional attainment U at the 
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time T, when the solution approached its equilibrium almost 
completely, become 

n n 

i= I i= 1 
(Ui)t=T = (Ri*XQi) / (XQiRi*)  (19) 

It should be stressed, however, that the above estimates are good 
approximations only if cA,= is very small ( < I  0-5 M )  and XA,= << 
1. No simple estimates for the very slow approach of the equi- 
librium of the ion-exchanger particles for t > T (redistribution 
period) can be given. 

As an example we apply eqs 14-19 for the polydisperse systems 
illustrated in Figure 7. In this case we obtain a = (0.1 X 0.67 

(Ul)r=1420 = 1.6, and (U2),=1420 = 0.79. These values are very close 
to the exact values, namely, T = 1490 s, tl12 = 210 s, VI = 1.52, 
and U2 = 0.80. Similar good agreements are obtained for the other 
experiments described. 

+ 0.288 X 0.33)/50 = 0.003 24 S-I, T = 1420 S, t lpsol = 213 S, 
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Comment on "Dynamic Stokes Shifl in Coumarin: Is 
It Only Relaxation?" 

Sic In  the article entitled "Dynamic Stokes Shift in Coumarin: 
Is It Only Relaxation?",l Agmon raises some important questions 
regarding the mechanism of the time-dependent Stokes shift that 
we2 and others' have observed in polar solvents. In the context 
of these liquid studies, the dynamic Stokes shift has been inter- 
preted as a relaxational process and used to determine the time 
dependence of solvation in polar liquids. Agmon points out that 
analogous time-dependent spectral shifts have been observed in 
low-temperature protein systems, and in some of the latter cases 
the shifts have an entirely static, nonrelaxational origin. For 

example, a t  low temperatures, the transient blue shift in the 
near-IR absorption band of myoglobin following CO photodis- 
sociation has been shown to result from the existence of an in- 
homogeneous distribution of activation barriers to recombination."-5 
The distribution happens to be such that molecules absorbing on 
the red side of the spectral band recombine faster than those on 
the blue spectral edge. This inhomogeneous kinetics gives rise 
to a time-dependent spectral shift even in the absence of any 
relaxational process interconverting species absorbing at different 
wavelengths. Agmon conjectures that a substantial part of the 
time-dependent fluorescence Stokes shift that has previously been 
interpreted in terms of solvent relaxation may also be due to such 
inhomogeneous lifetime effects. He reexamines some of our 

~ ~ ~ ~ _ _ _  

( I )  Agmon, N .  J .  Phys. Chem. 1990, 94, 2959. 
(2) Maroncelli, M.; Fleming, G .  R. J .  Chem. Phys. 1987, 86, 6221. 
(3) See for example the reviews: Barbara, P. F.; Jarzeba, W .  Adu. Pho- 

fochem. 1990. IS ,  I .  Maroncelli, M.; Maclnnis, J.; Fleming, G .  R. Science 
1989, 243, 1674. Simon, J .  D. Acc. Chem. Res. 1988, 21, 128. 

0022-3654/91/2095-1012%02.50/0 

(4) Campbell, 8. F.; Chance, M .  R.; Friedman, J .  M. Science 1987, 238, 

( 5 )  Agmon, N. Biochemistry 1988, 27. 3507. 
(6) Fee. R .  S.: Milsom. J .  A.: Maroncelli, M. Submitted for publication 
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Figure 1. Total intensity decays ( / ( t ) )  of Cu102 in 1-propanol at various 
temperatures. The temperatures 140, 205, 233, 253, and 265 K were 
chosen to span the region over which the solvent dynamics ranges from 
being much slower to much faster than the fluorescence lifetime of the 
probe. Successive decays have been vertically shifted for clarity. Ex- 
perimental intensities (solid curves) were measured by using a time- 
correlated single photon counting apparat~s. '~ Emission was observed 
with no spectral filtering. In the Cu102 spectral region, the wave- 
length-dependent sensitivity of the detector used does not cause appre- 
ciable distortion of the total fluorescence decays. Calculations (dashed 
lines) were performed as described in the text, using v ( t )  data derived 
from time- and wavelength-resolved fluorescence data.2 The parameter 
K i n  eq 4 was varied to match the (exponential) decay observed at 140 
K. We have also assumed that  k,, is negligible compared to krad at all 
temperatures. 

published data on the probe molecule coumarin 153 (CUI 53)2 and 
argues that certain features of these data support his alternative 
interpretation. Although we do find evidence that nonrelaxational 
shifts should be considered at very low temperatures, under normal 
conditions such effects contribute little to observed time-dependent 
Stokes shifts and thus previous interpretations are largely unaf- 
fected. 

The most important observation made by Agmon is that the 
total fluorescence intensity of CUI 53 in I-propanol does not decay 
exponentially in time at temperatures where there is an observable 
time-dependent spectral shift. We use the term total fluorescence 
here to denote the intensity integrated over the entire fluorescence 
spectrum and symbolize it by I ( t ) .  Examples of such 1(f) decays 
are illustrated by the more recent data shown in Figure I ,  which 
were obtained using the closely related probe Cu102. Nonex- 
ponential decays of total fluorescence are uncommon for simple 
molecules in fluid solution and usually signal the presence of 
multiple emitting species. By analogy with the protein case, 
Agmon thus interprets such decays as indicating the presence of 
inhomogeneous kinetics in  the CUI 53/1-propanol system. In  
particular, he postulates that the nonexponentiality results from 
a distribution of solvent environments that produces both a dis- 
tribution of spectral frequencies and (for unspecified reasons) a 
distribution of fluorescence lifetimes. Under the assumption that 
the lifetimes and spectral shifts are correlated, this wavelength- 
dependent lifetime distribution then also provides a mechanism 
for a time-dependent spectral shift in the absence of any solvent 
relaxation. For example, if  blue-emitting molecules have inher- 
ently shorter lifetimes than red-emitting molecules, the spectrum 
will show a time-dependent red shift, as is commonly observed. 

Our first point is that the nonexponential decay of total 
fluorescence illustrated in Figure I need not result from solvent 
inhomogeneities in  the way described above. In fact, it comes 
about quite naturally from the more usual interpretations of the 
fluorescence Stokes shift. Suppose one assumes that the observed 
time-dependent shift is entirely due to solvent relaxation. I n  
particular, assume that electronic excitation prepares an ensemble 
of solute molecules whose average solvation energy is greater than 
the equilibrium excited-state average. As the solvent relaxes, the 
average solvation energy decreases and thereby causes the average 
spectral position to red shift with time. Even if the width of the 

solvent distribution is negligible compared to the overall shift 
and/or the homogeneous spectral width, nonexponential decay 
of total fluorescence can still be produced. All that is required 
is the same lifetime dependence on solvation state postulated above. 
Since the average solvent state changes with time during the 
solvent relaxation, the fluorescence decay rate will also be time 
dependent; a t  any given time the observed rate is that particular 
value appropriate to the average solvation state. 

We now consider why the fluorescence decay rate might depend 
on the solvation state. Various mechanisms related to modification 
of the excited state by solvent-solute interactions could be con- 
ceived. However, there is one general mechanism that causes 
fluorescence rates to depend on solvation state. This is the fact 
that the radiative rate (krad) of an electronic transition is a function 
of the average emission frequency. For a homogeneous electronic 
transition, the relationship is's8 

with 
( v 3 )  E s F ( u )  d v / S F ( ~ ) u - ~  du 

In these expressions M represents the electronic transition moment, 
F(u) represents the fluorescence spectrum, and a is a frequen- 
cy-independent constant? For typical solvatcchromic probes, ( 2 )  
(and thus krad) depends on solvent and/or solvation coordinate. 
We have verified this relationship for Cu102 in a series of solvents 
of varying polarity in which the solvation dynamics is unresolvably 
fast. In such cases, the observed I (? )  decays are exponential and 
show radiative rates that are proportional to ( u 3 ) .  This effect on 
krad is well-known, and similar results have been observed pre- 
viously in other solvent-sensitive fluorophores.I0 In cases where 
solvent dynamics produces an observable time-dependent shift in 
the spectrum, one expects from the above analysis that both krad 
and the total fluorescence decay rate will be time dependent. Such 
a time dependence of the radiative rate has not been previously 
considered but is sufficient to explain the results of Figure 1. 

Superimposed on the experimental data of Figure 1 we have 
plotted I ( t )  curves calculated on the basis of the above model. The 
calculations represented here are based on two simple relations. 
First, / ( t )  is assumed to vary as 

with k,, a constant nonradiative rate. Second, the instantaneous 
radiative rate, krad(t), is determined from the instantaneous 
fluorescence spectrum at time r via 

(4) 
where K is a constant. As illustrated by Figure 1, agreement 
between the calculations and experiment is excellent and indicates 
that the simple relationship between krad and ( v 3 )  completely 
accounts for the coumarin results. 

In addition to the coumarins Cu153 and Cu102, we have also 
studied a number of other common solvatochromic probe moiecules 
(1 -aminonaphthalene, prodan, and 4-aminophthalimide) in protic 
as well as aprotic solvents. We find that nonexponential r(r)  decays 
are common to all of these solvatochromic pr0bes.I' Since eq 
1 is a generally valid relationship, this must of course be the case. 

(7) Birks, J. B. Photophysics ofAromatic Molecules; Wiley: New York, 
1970; Chapter 4. 

(8) The use of a single radiative rate and an average frequency to char- 
acterize the entire electronic band involves the (well justified) assumption that 
vibrational equilibration in the excited state is rapid on the fluorescence time 
scale. 

(9) This "constant" depends on the cube of the refractive index of the 
solvent and so is solvent dependent. 

( I O )  See for example: Sadowski, P. J.; Fleming, G. R. Chem. Phys. 1980, 
54, 79. Meech, S. R.; Phillips, D.; Lee, A. G. Chem. Phys. 1983, 80, 317. 

( 1  1 )  We are also aware of at least one previous case where nonexponential 
I([) decays have been noted for a solvatochromic probe. This is a study of 
I-aminonaphthalene by Meech et al. (Meech, S. R.; OConnor, D. V.; Phillips, 
D. J .  Chem. SOC., Faraday Trans. 2 1983, 79, 1563). These authors postu- 
lated that changes in the character of the electronic excited state were the 
cause of this behavior. 
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It is interesting, however, that we have not yet encountered an 
instance where the effect was obviously too large to be explained 
by the above model. Thus, although one might argue that changes 
in the excited electronic state with solvation should also occur2 
and cause similar behavior (Le., via k,, or M being solvent sen- 
sitive), such mechanisms appear to be secondary to the physically 
less interesting frequency effect. 

Agmon interpreted the nonexponential decay of I ( t )  as evidence 
for the contribution of inhomogeneous kinetics to the Stokes shift 
dynamics observed with Cu153. The fact that the time/tem- 
perature ranges over which [ ( t )  was observed to be nonexponential 
were highly correlated with the time/temperature ranges where 
a time-dependent spectral shift was observed was taken as further 
support for his interpretation. In contrast, we have inverted the 
argument and demonstrated that, if the spectrum shifts in time 
(by whatever means), a nonexponential I ( t )  will automatically 
result. I f  we presuppose a time-dependent Stokes shift, the non- 
exponentiality of I ( t )  then occurs as a result of the shift rather 
than the reverse. Our calculations indicate that such an inter- 
pretation is quantitatively consistent with the experimental data, 
and thus it is not necessary to invoke an inhomogeneous mech- 
anism. 

As a final point, we do not deny that inhomogeneous decay 
kinetics of the sort described by Agmon might nevertheless con- 
tribute to observed spectral dynamics. Because of its importance 
for solvation studies, we have in fact examined this possibility at 
some length, and a full account of this work is in preparation.6 
Here we simply note that at sufficiently low temperatures, where 
the solvent dynamics have ceased on the fluorescence time scale, 
one does still observe time-dependent spectral shifts. These shifts 
are well explained by the presence of an inhomogeneous distri- 
bution of frozen solvent environments that decay at rates deter- 
mined by the knd = ($) relationship. These shifts take place over 
several probe lifetimes, and their extent is typically only 10-15% 
of the shift observed at high temperatures. Thus, although similar 
inhomogeneous contributions will also be present (in modified 
formi2) at high temperatures, the impact on the measured solvation 
dynamics will be negligible. At low temperatures, however, it is 
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( I  2)  At high temperatures the situation is complex. Just as the average 
solvent environment changes with time, there is 'spectral diffusion" among 
the various components of the solvent site distribution. In the calculation of 
I ( t )  shown in Figure 1 we assume for simplicity that interconversion among 
different sites within the solvent distribution is fast compared to the motion 
of the average. 

(13) Chapman, C. F.; Fee, R. S.; Maroncelli, M. J .  Phys. Chem. 1990,94, 
4929. 

possible to mistake time-dependent shifts due to inhomogeneous 
kinetics as solvent relaxation. Our results to date indicate that 
some published results on low-temperature alcohols ( T  5 200 K) 
may indeed suffer from this problem. We are currently inves- 
tigating this possibility. 

In conclusion, the observation of inhomogeneous decay kinetics 
in the fluorescence of some molecules used for solvation dynamics 
studies is an important one. Agmon's point that one cannot 
automatically interpret spectral shift in terms of energy relaxation 
is well taken. However, given the above considerations it is clear 
that previous interpretations of the time-dependent Stokes shift 
in  terms of energy relaxation dynamics are justified. At worst, 
high temperature results may be in error by up to 15%. In fact, 
the error is likely to be even less. 

Note Added in Proof. After completing this work, we were 
informed of a theoretical study by H. J. Kim and J. T. Hynes 
(manuscript in  preparation) that also addresses the nonexpo- 
nentiality of fluorescence decays in solvatochromic probes. These 
authors employed a two-state model to study how solvent-de- 
pendent mixing between the ground and excited electronic states 
can cause the transition moment ( M  in eq 1) to depend on solvation 
state. They predict that krad is in general a linear combination 
of ( V I )  and ( u 3 )  with the former dominating as the transition 
moment becomes progressively more parallel to the difference in 
excited- and ground-state dipole moments. 
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ADDITIONS AND CORRECTIONS 

1990, Volume 94 

Albert F. Wagner,* Irene R. Siagle, Dariusz Sarzynski, and David 
Cutman*: Experimental and Theoretical Studies of the C2H5 + 
O2 Reaction Kinetics. 

Page 1867. In Table VI, the sign of T,  and To must be reversed; 
i.e., the correct values are 7'- = 15800 and To = 20100. 

R. Larry June, Alexis T. Bell, a'nd Doros N. Theodorou*: Mo- 
lecular Dynamics Study of Methane and Xenon in Silicalite. 

Page 8235. The ordinate axis labels for Figures 2 and 3 should 
read in units of IO4 cm2/s, not cm2/s. There are no im- 
plications to any conclusions drawn in the article. 


