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We present theoretical analyses of two different aspects ofthe time dependence of the fluorescence Stokes shift in polar liquids. 
We show that a small deviation from the Debye form for the dielectric relaxation of the solvent can strongly influence the time 
evolution of the Stokes shift. Using the Davidson-Cole form for dielectric response we find a stretched exponential time depen- 
dence as observed in recent experiments. We also show that the shape of the fluorescing molecule can influence the dynamics of 
solvation. 

1. Introduction 

The dynamics of solvation of polar (charged or dipolar) molecules in polar solvents is a subject of much 
current interest [ l-61. Among the aspects that have recently been discussed are electron transfer reactions [ 7- 131 
and the time-dependent fluorescence Stokes shift (TDFSS) arising from solvent relaxation about an excited 
state dipole [ 14-2 11. We will restrict our attention here to the TDFSS problem. 

Recent experiments by Nagarajan et al. [ 181, Yeh [ 191, Su and Simon [ 13,201; and ourselves [ 15-l 71 have 
revealed a non-exponential decay of the TDFSS in several of the solvents studied. The evolution of the TDFSS 
is usually characterized by the correlation function C(t), where 

P(t)-P(eo) 
C(t)= _ 

v(0) -P(m) - (1) 

Existing dielectric continuum theories predict that C(t) should decay exponentially with time constant 
rL= [ (2& + 1 )/( 2~ + I)] tD, where to and t, are the static and optical frequency dielectric constants for the 
solvent, respectively, and rb is the solvent dielectric relaxation time [ 5,6,2 11. For most polar solvents, 7L is 
an order Of magnitude Smaller that fb. However, in general the rate of decay of C(t) lies between the values 
of rL and rb, usually with the value being closer to rL. 

There are several possible explanations for the lack of quantitative success of the current continuum models 
[ 5,6]. There are assumptions inherent in these models which may not be valid for the types of probe fluo- 
rophores and dipolar solvents used to date in TDFSS experiments. One assumption that may be challenged 
is that these continuum models have used the Debye farm for the frequency-dependent permittivity t(w). An- 
other potential difficulty is that none of the TDFSS probes used to date are spherical. Further still, non-local 
screening of the dielectric constant may introduce saturation effects. This last effect requires consideration of 
a radially and frequency-dependent dielectric tensor describing the solvent around the fluorescing probe mol- 
ecule. We will treat this problem in a separate publication [ 221. 
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In this Letter we will examine the effects of the first two deviations from the assumptions of the continuum 
theories described above on the TDFSS. First, we show that even a small deviation from the Debye form for 
the frequency dependence of the dielectric permittivity of the solvent continuum can have a drastic effect on 
the time dependence of the Stokes shift. Moreover, we find that a stretched exponential form for the TDFSS 
naturally arises when non-Debye forms, such as Davidson-Cole [23] are used for the frequency-dependent 
dielectric permittivity of the solvent. Second, we explore the effects of molecular shape on the TDFSS. Here 
we find that non-spherical shapes can have substantially different relaxation behavior than spherical molecules. 

The calculations presented in this Letter are based on the continuum model in which the solvent is repre- 
sented by a frequency-dependent dielectric continuum and the fluorescing probe molecule by a dipolar vacuum 
cavity. In the continuum approximation, the potential energy from polar interactions can be written in the form 

U(t)= +(t)*R(t) I (2) 

where R(t) is the time-dependent reaction field and F( t) is the dipole moment of the solute particle at time 
t. TDFSS experiments probe the time evolution of A,?(t) as the dipole moment of the solute particle is changed 
at time t = 0 by optical excitation, The theoretical approach involves the calculation of R(t) via the Fourier 
transform of its frequency domain equivalent R(w). 

2. Effects of non-Debye dielectric relaxation on the TDF’SS 

The models of Bagchi et al. [ 51 and of van der Zwan and Hynes [ 61, using a Debye form for the solvent 
dielectric response, predict that the TDFSS will occur with an exponential decay in time with a time constant 
of TV, By using non-Debye forms for the frequency-dependent dielectric permittivity, our calculated solvation 
dynamics decay more rapidly than 7L at early times, but more slowly at longer times. 

The Debye equation for e(w) is given by [ 24,251 

CO-L C(W)=E, +- 
l+iwr, . 

(3) 

There is a single relaxation time in this model. Other forms such as the Davidson-Cole, Cole-Cole, Havriliak 
-Negami, and Williams-Watt [ 251, have a distribution of relaxation times about 7. which contribute to e(w). 
The Davidson-Cole form [ 23 ] 

(4) 

has a distribution function that is skewed progressively more towards shorter relaxation times as p is reduced 
from unity. Many polar liquids have an E(W) well described by the Davidson-Cole equation, e.g. glycerol (/I= 0.7 
at 285 K), acetonitrile (/?=0.8), glycerol txiacetate (/3 =0.4), the haloalkanes, and mixtures of various polar 
solvents. Molecules with internal rotations and associative compounds are classes of molecules for which the 
Davidson-Cole equation for e(w) works especially well. The Davidson-Cole form has also been used recently 
in a theory of adiabatic electron transfer reactions [ 91. Also, Nagarajan et al. have directly compared their 
experimental results in glycerol triacetate to the predictions of a continuum model using cDC( o) (eq. (4)) for 
the dielectric response [ 18 1. We have therefore chosen to use this form to represent 6 (IX) in our model because 
of its wide range of applicability. 

To obtain the time dependence for the TDFSS, U(t), one must obtain the time-dependent reaction field 
R(t) (eq. (2)). As experimentally measured solvation times from the TDFSS technique are one to two orders 
of magnitude faster than molecular reorientations, rotation of the embedded cavity point dipole is neglected 
in this treatment. The time-dependent reaction field R(t) is obtained by taking the inverse Fourier transform 
of the frequency-dependent reaction field R(w), given by 
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Fig. 1. The natural log of the normalized reaction field R (t)/R( 0) 
(equivalent to the Stokes shift correlation function C(t) ) is plot- 
ted versus the reduced time with the scale given in units of the 
Debye relaxation time TV. For the curves shown here, to= 10.0 
and em = 1 .O. The Davidson-Cole exponent /I ranges from 0.4 to 
1 .O as the curves go from left to right; the Debye case (/I = 1 .O) 
gives the exponential decay. 

Fig. 2. The log,, of LY, the exponent of the stretched exponential 
function, versus the Davidson-Cole parameter 8, for the series 
of curves displayed in fig. 1. Again, co= 10.0 and t,= I .O. The 
symbol X represents the data obtained from the tit to eq. (9) and 
the line is a least-squares tit to eq. (9). 

R(o)=r(w)lr, (5) 
wherep is the cavity dipole moment. Following the outline of the Bagchi et al. model [5] for the TDFSS, we 
proceed to calculate the reaction field factor r(w). Solving the standard quasi-static boundary value problem 
for the reaction field factor of a non-polarizable point dipole, embedded in a spherical vacuum cavity [ 2 1,261, 
one obtains 

2 E(W)-1 
r(0) =- 

a3 2E(W) + 1 ’ 

where a is the cavity radius. Substituting eq. (4) for c&o) into eq. (6) yields 

2 ACtBD+i(AD-BC) 
r(w) =z AZ+B2 ’ 

where 

A=2(t0-t,)+(2t,+1)(1+a!2)B’Zcosy, B=(2e,+l)(l+cXZ)B’Zsiny, 

C=~o-t,t(e,-l)(1tCy2)8’2cos~, D=(~,-I)(lta2)8’2siny, 

(6) 

(7) 

ff=wTO, y=j?tan-‘(a). (8) 

The time dependence of U(t) is calculated via an inverse Fourier transform of R( 0). A very large number 
of points is required to eliminate oscillations in the numerical results; 215 points for r(w) were calculated. In 
our calculation we are assuming that c has a constant value equal to the difference between the ground and 
excited state dipole moments. The function r(t) obtained from the numerical fast Fourier transform of r( cc) 
is therefore proportional to R(t) and to AE( t). This r(t) should be compared directly with the experimental 
correlation function for the TDFSS C(t) [ 5,15-l 81. The calculated results are plotted on a semi-log scale in 
fig. 1. For /3 = 1, the Davidson-Cole form becomes the Debye equation, and the plot of log[ r( t)lr( 0)] is linear 
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with slope rL, as shown previously [ 561. As j3 is decreased from unity, the TDFSS response becomes very 
rapid, and faster than the corresponding Debye case. As time increases towards TV, the TDFSS response flattens 
out and becomes much slower than rL. This effect is pronounced even for j? = 0.9, a small deviation from Debye 
dielectric behavior. Many associated liquids are lit to the Davidson-Cole form with /3 ranging from 0.5 to 0.7 
[23,25]. 

The curves in fig. 1 were fit to the stretched exponential function, given by 

r(t)=r(O) exp[-(f/T)a] . (9) 

Standard non-linear least-squares fitting programs were used #‘. In all cases, the r(t) curves are fit by eq. (9) 
much better than by a sum of two exponentials. The stretched exponential function has recently been used 
successfully in fitting experimental TDFSS correlation function data [ 171. Fig. 2 shows that a linear rela- 
tionship was found between log (Y, a! being the exponent of the stretched exponential function (obtained from 
the tits to r(t) ), and j?, the Davidson-Cole parameter from eq. (4). In other words, 

10ga=c,p+c, )  (10) 
where C, and C, are constants. 

The stretched exponential - or Kohlrausch-Williams-Watts function [ 281 - has been shown by Lindsey and 
Patterson to give very similar Cole-Cole plots to the Davidson-Cole form, even though the underlying dis- 
tributions of relaxation times are quite dissimilar in the low frequency region [ 291. Thus the stretched ex- 
ponential form of our calculated C(t) is perhaps not surprising. A discussion of the origin of stretched exponential 
forms in disordered systems has recently been given by several authors [ 30-321. Skinner has suggested that 
this form arises from strong dynamical cooperativity, which should be expected to be important in highly polar 
anisotropic solvents [ 331. 

3. Effect of molecular shape 

Although it is standard in theoretical calculations to consider only a spherical shape for the molecular cavity, 
the molecules used for experimental studies are seldom spherical. A more realistic description of molecular 
shape is ellipsoidal. Molecular shape is well known to have a strong influence on molecular orientation dy- 
namics. In the following, we show that molecular shape can also have a significant influence on the dynamics 
of solvation. 

Consider a permanent dipole embedded in a molecular cavity of arbitrary shape. The field of the dipole will ‘. 
polarize the surrounding media, which in turn will give rise to a reaction field at the dipole. The general expres- 
sion for the reaction field in the continuum model can be written in the following form 

R=F*p, (11) 
where F is the form tensor that depends both on the geometry of the molecular cavity and also on the properties 
of the dielectric continuum. A quasi-static boundary value calculation shows that eq. (11) holds also in the 
frequency domain for frequency-dependent dielectric permittivities. 

The evaluation of the tensor F is a formidable problem for a cavity of arbitrary shape. For the special case 
of a homogeneous dipole density filling up an ellipsoidal cavity, the form tensor F is known exactly [ 261. In 
this case a simplification results because the field inside the dipole due to an externally applied homogeneous 
field is also homogeneous. The case of a point dipole in an ellipsoidal cavity is rather intricate because the 
electric field inside the cavity is not homogeneous even when the dipole is placed at the center of the cavity. 

*’ The fitting program was based on the Fortran MINUIT subroutine package [ 271, 
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For a spherical cavity, both the homogeneous dipole and the point dipole at the center of the sphere lead to 
the same result. 

For the special case of homogeneous dipole density distributed over the ellipsoidal cavity, the form tensor 
in the coordinate system along the principal axes of the ellipsoid, was given by Scholte [ 341 as 

3 4~--%)[4~)-11 0 0 
xc + 1 E(W) [ -c(w)]Aa 3 ‘-lb(l--Ab)[dW)--11 0 

F= 
0 abc@)+[l-+i,)]Ab 3 A,(1 -A,)[C(w) - 11 
0 0 &(W)+[l-+@]A, I > (12) 

where the Ai are the standard ellipsoidal shape factor integrals [ 261. For a sphere, a= b= c, and Ai= 3 for i= u, 
b, c, and we recover F known for the spherical case to be eq. (6). For a prolate ellipsoid, we choose 2a as the 
length of the major axis and 2b=2c as the lengths of the two minor axes. For the oblate case, we choose 2a 
as the minor axis, and 2b=2c as the major axes. 

For simplicity, we shall assume that the solute is slowly rotating compared to the time dependence of the 
reaction field R. The dynamics of the TDFSS are then governed by the,time dependence of R. So we now can 
write 

~(r)=-p.F.lr=-~~,~~~ii(t) a (13) 

The last step follows from the diagonality of F in the body-fixed frame which is chosen to be the principal axis 
of the ellipsoid. In order to obtain J’ii( t) 3 we need to know the frequency-dependent dielectric permittivity e(w) 
of the polar solvent. We have shown in section 2 that the time dependence of the TDFSS is quite sensitive to 
the form of t(w). In this section, to isolate the effect of molecular shape and compare with previous work on 
TDFSS [ 561, we assume a Debye form for E(W). It is straightforward to repeat the calculation of section 2 
for this case. Under the Debye approximation for C(W), Fij( t) is given by 

,,(,)=3A,(1-Ai)[(~o-l)~l-(tm-1)501 l, abc [(Co - 1)Ai-C31~D 
exp( -t/r;) , 

where 

ccrr t (1 - C,)Ai 
7i= co”l-(l--Eo)Aj rD. 

(14) 

(15) 

Eqs. (12)-( 15) show that the time evolution of solvation energy is biexponential for ellipsoids with fairly dif- 
ferent time constants, For the prolate case, u/b=a/o 1. For a/b=2, A,=0.174 andAb=A,=0.413 [23]. If we 
take co=50 and &=2 then z”,=O.O440r,, rfi==~L- -0.0553rD. For a spherical shape, we have, for the same 
set of parameters, rtphere= 0.0495rb. For the case of a cavity of oblate shape, aib=alc< 1. When alb=0.4, 
A,=0.583, A,=A,=0.2085. Then one has r”, =O.O661tD, and 7; =0,0450rn. The prefactors to the exponentials 
may also be considerably different, as can be seen from eq. (13). Moreover, the contribution of each expo- 
nential towards the solvation energy will also depend on the magnitudes of the projections of the total dipole 
moment on the principal axes of the ellipsoid. 

4. Discussion and conclusions 

We have shown that straightforward modifications of the continuum model for the polar solvation dynamics 
lead to results that deviate strongly from the exponential time dependence predicted for the simplest case of 
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Debye dielectric relaxation [ 5,6]. Depending upon what time region is examined, experiments have shown 
decays faster than single exponential (with lifetime rL) at short times, and much slower at longer times. 

Our calculations for the time dependence of the Stokes shift qualitatively reproduce this behavior when a 
non-Debye form such as the Davidson-Cole form is used for the frequency dependence of the dielectric. In 
all cases, our calculations were well fit by a stretched exponential form. It will be interesting to see if exper- 
iments confirm the predicted correlation between the stretched exponential exponent a! and the Davidson-Cole 
exponent /3. 

For solvents with/3 substantially less than unity, the initial decay of the reaction field can be about two orders 
of magnitude faster than rL. This suggests that experiments with high time resolution will be rewarding in highly 
associated solvents and haloalkanes. The very rapid relaxation times observed in hole burning experiments 
[ 351 on cresyl violet in ethylene glycol have been discussed by Loring and Mukamel [ 361 in terms of ultrafast 
solvent reorganization. These authors noted that for a Debye dielectric response the observed times were much 
too short. Salefran et al. have made a through study of the dielectric response of ethylene glycol [ 371. Their 
analysis showed that the experimental points for E(W) were well fit to the Davidson-Cole distribution, eq. (4), 
with /I = 0.75 and to = 1 .O 1 ns. However, the fit was improved assuming two Debye-type dispersion regions with 
relaxation times Of ?D1 = 778 pS and rD2 = 76.5 ps. Fig. 3 shows the calculated C(t) for ethylene glycol using 
both the Davidson-Cole and two Debye parameters for E(W). Again, the curve resulting from the use of eq. 
(4) for c(o) cannot be tit well by a sum of two exponentials. At short times, the curves differ markedly. The 
result from using eq. (4) is more than 5 times faster than the two-Debye result for the short time portion of 
the C(t) decay:Thus it is not unreasonable that polar solvation may be playing an important role in the spectral 
changes observed by Brito Cruz et al. [ 35 ] on the 100 fs timescale. The substantial difference between the two 
curves in fig. 3 suggests that hole burning and TDFSS experiments on the sub-picosecond time scale may pro- 
vide better characterization of the dielectric response of a polar solvent than available by frequency domain 
dielectric loss measurements. 

Deviations of the fluorescing molecule from spherical shape may also have a significant effect on the time 
evolution of the Stokes shift. We have shown that for realistic choices of the cavity shape and solvent dielectric 
parameters, to=50 and E ,=2, the solvation energy relaxes with two time constants. For a prolate molecule, 
the difference in predicted time constants would be about 20%. Oblate shapes, which more closely resemble 
the shapes of the aromatic ring structures of several TDFSS probe molecules, are found to lead to longitudinal 
relaxation times which differ by about 50%. This is quite possibly a large enough difference to allow the de- 
viation from exponential behavior to be observed experimentally. 

Finally, we note that non-exponential decay of the fluorescence Stokes shift may have a different origin. We 
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Fig. 3. In C( 1) versus time for two simulations of the TDFSS for 
ethylene glycol. The curve on the left, labelled DC, is calculated. 
assuming a Davidson-Cole distribution for e(o) with e0=43.6, 
e,=3.7,8=0.75, and r,=l.Ol ns [31]. The curve on the right 
labelled 2D assumes a two-Debye form for c(w), and is calcu- 
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lated according to eqs. (1 1 )-( 13) of ref. [ 171. Parameters used 

Time (ps) 
werea,=0.409,a~=0.591,7~,=48.5ps,7n=135.7ps;g,=40.2, 
e,,=6.6,andc,2=4.0 [31]. 
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will show in a separate publication that even using the Debye form of E( CO), non-exponential behavior is ob- 
tained when saturation effects around the polar solute molecule are included in a consistent theoretical de- 
scription [ 221. 
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