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ABSTRACT 

The continuum model of dipolar solvation dynamics is reviewed. The effects of non-spherical 
molecular shapes, of non-Debye dielectric relaxation of the polar solvent and of dielectric inhom- 
ogeneity of the solvent around the solute dipole are investigated. Several new theoretical results 
are presented. It is found that our generalized continuum model, which takes into account the 
dielectric inhomogeneity of the surrounding solvent, provides a description of solvation dynamics 
consistent with recent experimental results. 

INTRODUCTION 

The dynamics of solvent reorganization around a newly created ion or an 
instantaneously changed dipole is a nonequilibrium process that plays an im- 
portant role in many important chemical reactions [l-3]. The dynamics of 
polar solvation is presently a subject of intense research. Time dependent flu- 
orescence Stokes shift (TDFSS) experiments [4-131 have revealed hitherto 
unobserved aspects of dynamics of the solvation process. Several theoretical 
studies [ 14-211 have attempted to explain the experimental results. 

This article mostly summarizes the results of our recent theoretical studies 
which were aimed at understanding the results of recent TDFSS experiments 
[ 4-131. A critical analysis of the existing theories is also presented. The tem- 

poral evolution of TDFSS is usually characterized by the correlation function 
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C(t), defined by 

C(t)= 
v(t) - v(a) 

v(O) - v(a) 
(1) 

where v is a characteristic frequency of the emission spectrum and t is the time. 
The frequency v may be taken to be the frequency of the maximum of the 
spectrum. If the spectra change shape significantly with time, then it is more 
appropriate to take v as the average frequency, defined by the first moment of 
the spectrum [ 51. Simple dielectric continuum theory [ 15,161 predicts that for 
dipolar solvation, C(t) should decay exponentially, with a time constant, zL, 
given by 

rL= 
2& + E, ( > 2e()+e, rD (2) 

where e. and E, are the static and optical frequency dielectric constants of the 
solvent, respectively, ec is the dielectric constant of the molecular cavity and, 
rn is Debye relaxation time of the solvent. Thus, for most polar solvents, rL is 
an order of magnitude smaller than rn. If the solvent is characterized by mul- 
tiple relaxation times, then so is C(t). In deriving (2), it is assumed that the 
dipolar solute molecule can be replaced by a sphere with a point dipole at its 
center. 

Experimentally observed C(t) differs qualitatively from the continuum the- 
ory predictions, especially for strongly polar solvents. The experimentally ob- 
served C(t) is, in general, non-exponential and the non-exponentiality in- 
creases with the polarity of the solvent [ 1,5,7]. The experimental C(t) cannot 
be fitted to the simple continuum theory C(t). Next, we define an average 
solvation time, z,, by 

co 

z,= dtC(t) s 
0 

(3) 

For nonexponential C(t), zsP1 provides an approximate estimate of the “av- 
erage” rate of solvent polarization relaxation. For moderately polar dielectric 
solvents (co < 50)) it is found that z, remains close to r,. As the polarity of the 
solvent is increased, r8 deviates from zL significantly and becomes closer to rn. 
This is an important experimental observation for which the simple contin- 
uum theory [ 15,161 offers no explanation. 

In this article, we shall discuss three non-trivial generalizations [21,22] of 
the simple continuum model [ 15,161 of dipolar solvation. Firstly, we shall con- 
sider the effects of non-spherical molecular shape on the time dependence of 
solvation. In theoretical studies, a spherical shape of the molecule is usually 
assumed despite the fact that the molecules studied in experiments are seldom 
spherical. We find that non-spherical shape of the fluorescing molecule can 
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lead to appreciably different results. Secondly, we shall consider the effects of 
non-Debye solvent response on the relaxation of the solvation energy [21]. 
Thirdly, we shall include dielectric inhomogeneity of the solvent around the 
dipolar molecule [ 221. The dielectric inhomogeneity may arise because of elec- 
trical saturation of the surrounding solvent which may occur if the dipolar field 
is sufficiently strong. It may also arise from some specific solute-solvent in- 
teractions. We shall compare our generalized continuum model with the avail- 
able experimental results. 

It should be pointed out that the continuum model calculations are based on 
macroscopic considerations and are not expected to provide an accurate, quan- 
titative description of the solvation process for which a microscopic descrip- 
tion is necessary. Recently several such studies have been carried out aimed at 
providing a first principles description of the solvation process [ 17-191. These 
studies have, to some extent, verified Onsager’s prediction [ 231 of “snowball- 
ing” of solvent polarization structure. Onsager suggested that solvation (of 
electrons) proceeds on a range of time scales, with the nearest neighbour sol- 
vent molecules reaching equilibrium last. Theoretical studies of Calef and Wo- 
lynes [ 141, Loring and Mukamel [ 191, Friedrich and Kivelson [ 201, Wolynes 
[ 171 and of Rips et al. [ 181 have clarified various aspects of the solvation 
process. There are, however, certain difficulties in comparing these theories 
directly with experiments. Firstly, the experimental systems are much too 
complex. Secondly, all the microscopic theories are based on the linear re- 
sponse of the solvent. The latter may not be valid for a “giant dipole” in a 
highly polar solvent. Our generalized continuum theory, on the other hand, 
incorporates the non-linear effects through the dielectric inhomogeneity of the 
polar medium. 

The rest of the paper is organized as follows: the second section presents our 
recent results within the continuum model theory and the concluding third 
section consists of a brief discussion. 

CONTINUUM MODEL RESULTS 

Continuum model calculations have always been used to obtain approximate 
estimates of relaxation times of dynamical quantities (e.g. velocity-velocity 
correlation function, orientational relaxation) in dense liquids. In some cases, 
such calculations have been remarkably successful in providing a reliable de- 
scription of the relaxation, despite the unrealistic assumptions that are made 
in these models. The study of the successes and the failures of the continuum 
models have provided much insight into the fundamental processes of the 
relaxation. 

In the case of polar solvation, the continuum model calculations can be done 
in two somewhat different ways, leading to slightly different results. In the 
model of Bagchi et al. [ 151 and of van der Zwan and Hynes [ 161, the solvent 
is replaced by a dielectric continuum characterized by a frequency dependent 
dielectric constant, E (co), and the solute by a spherical cavity with a point 
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dipole (or a charge) at the center. The time dependent energy of polar inter- 
actions is given, for a dipolar solute, by 

LIE(~)= -,&)-R(t) (4) 

where ,u ( t ) is the dipole moment and R ( t ) is the time dependent reaction field. 
The reaction field R(t) is obtained by a quasi-static boundary-value calcula- 
tion [ 151. The TDFSS correlation function, C(t), is obtained by modeling the 
change in p(t) by a sum of two Heaviside functions [ 151 to represent the 
excitation and the emission. The nontrivial part of solvation dynamics is con- 
tained in R (t). If the solvent is assumed to be characterized by a single Debye 
relaxation time, rn, then the time dependence of the reaction field of a dipolar 
solute is characterized by a single relaxation time, zL, which is give by eqn. (2 ). 
If the solvent is characterized by more than one Debye relaxation times, then 
the same number of 7Ls is predicted. 

If we consider solvation of a point charge, then, under the same approxi- 
mations, the reaction field is characterized by a time constant which is differ- 
ent from eqn. (2) and is given by [24] 

Thus, 7t < 7dLipole , which is somewhat surprising. Maroncelli [ 241 has recently 
obtained a general expression for relaxation dynamics of an arbitrary multi- 
pole, within the continuum model. His expression is given by 

with 

n 
cY,= 

n+l 
(7) 

where n is the order of the multipole (n = 0 for ion, n = 1 for dipole, n = 2 for 
quadrupole, etc. ). 

Effects of molecular shapes 

Theoretical calculations usually assume a spherical shape for a molecule, 
despite the fact that the molecules used in real experiments are seldom spher- 
ical. In order to understand the effects of molecular shape on solvation dynam- 
ics, we have recently obtained the reaction field for an ellipsoidal cavity. In the 
continuum model, a quasi-static boundary value calculation gives the reaction 
field in the following form 

R(U) =F(u)*P(~) (8) 
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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. It is a formidable 
problem to calculate the form tensor F for an arbitrary molecular shape. For 
the special case of homogeneous dipole density distributed over the ellipsoidal 
cavity, the form tensor, in the coordinate system in which the axes of the el- 
lipsoid are along the principal axes, is given by [ 211 

! 

3 A&-A,qjWlj 
- 

obc E(~)+fl-~(u)lA~ 
0 0 

3 

0 

Ab [1-Ab] [E(W) -11 

F= 
- 0 
abc E(W) + [l--r(w)] A, 

3 A, (l-A,+(w) -I] 

0 0 - 

abc ofu) + [ -ekujlAc 

I 

where the Ai are the standard ellipsoidal shape factor integrals [25]. For a 
sphere, a = b = c and A; = l/3 for i = a,b,c and we recover F known for a sphere. 

If we assume that the solute is rotating slowly compared to the time depen- 
dence of the reaction field R, then the dynamics of TDFSS are governed mainly 
by the time dependence of R so, 

t 

AX(t) = -p(t). j dt’F(t-t’). a@‘)= -iilPi(t)idrRi(r) Pi(t-z) (IO) 
-co 0 

The last step follows from the diagonality of F in the body fixed frame whose 
coordinate axes are chosen to be the principal axes of the ellipsoid. As before 
[ 151, the time dependence of the dipole moment in the body fixed frame is 
represented by a sum of Heaviside functions to mimic the processes of excita- 
tion and emission. Then, dynamics of dE (t) are essentially determined by that 
of Fii ( t ) . Under the Debye approximation for E (CO), Fii ( t) is given by 

3 
Fii(t) =%x 

Ai(l-Ai) [ (EO-1)~~-(Em--1)~~1 Xe_t/Ti 
[(~m--1)Ai-Ll~~ 

where 

(l-Ai)t, +Ai 

“= (l-Ai)to +Ai zD 

(11) 

(12) 

Equations (lo)- (12) show that the time evolution of solvation energy is biex- 
ponential for ellipsoids with fairly different time constants. Thus, for a cavity 
of oblate shape, a/b = a/c < 1. When a/b = 0.4, A,= 0.583, Ab =A, = 0.2085. Then 
one has z L = 0.066rn and rL = 0.0450 rn. Such differences may be distinguish- 
able in experiments. 
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Effects of non-Debye dielectric relaxation 

Dielectric relaxation of many polar liquids, such as acetonitrile, glycerol, the 
haloalkanes, cannot be described by a Debye equation for E (co). Even a sum of 
two Debye terms is insufficient in many cases. For these liquids, empirical 
equations such as Davidson-Cole, Cole-Cole, and Havrilian-Negami [ 251 
sometimes provide remarkably successful description of dielectric relaxation. 
We shall now assume a Davidson-Cole representation for e (co) and study the 
dynamics of the reaction field. The Davidson-Cole form [ 251 

(13) 

has a distribution function that is skewed progressively towards shorter relax- 
ation times, as p is reduced from unity. The average dielectric relaxation time 
is r, and the mean square is given by 

(r2)=(sin7rj?/27c)~~(l-~)~(2+~) (14) 

where r(x) is a gamma function. 
The time dependent reaction field is given in the frequency domain, by 

R(u) =r(u)p(o) (15) 

with ,u as the cavity dipole moment. 
For a non-polarizable spherical cavity with a point dipole embedded at its 

center, the reaction field factor r(m) is given by 

2 E(U)--1 
r(m) =- 

a3 2e(0)+1 
(16) 

where a is the cavity radius. When t ( OJ) is of Debye form (/I= 1) then r(t) is 
a single exponential function with the time constant equal to 7,. When /? is 
less than unity, r(t) is non-exponential. The calculated results for r(t) are 
shown in Fig. 1 for several values of p. The curves of Fig. 1 can be fitted to a 
stretched exponential function 

r(t) =r(O) exp[ - (t/T)“] (17) 

fairly well [ 211. Moreover, an empirical linear relationship between log cr and 
/? was found to hold with surprising accuracy [ 211. 

The time dependence of fluorescence Stokes-shift correlation function, C( t 1, 
can be obtained from R(t), given a choice of 1,~ ( t) 1. R(t) is obtained in the 
usual way [ 151. As expected, C(t) is nonexponential. 
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Fig. 1. The calculated correlation function r(t)/r(O) for Davidson-Cole expression for t( r,w). 
The values of the parameter j3 are given on the lines. 

Effects of dielectric inhomogeneity 

We treat the effects of dielectric inhomogeneity by carrying out a quasi- 
static boundary-value calculation on the modified Laplace’s equation which is 
given by 

V-E(r,o)-V$(r,w) =0 (18) 

where E (r,w ) is the position and frequency dependent dielectric tensor of the 
solvent in the presence of the solute dipole. The dielectric tensor in eqn. (18) 
is an effective dielectric function, with the distance F measured from the sur- 
face of the molecular cavity. Since it is a formidable task to calculate l (T,CL)) 
from first principles, we have assumed a certain parametrized form for E (r,o) 
in the present calculations. As noted earlier, the position dependence of l ( r,w) 
may arise from electrical saturation effects. It may also arise from specific 
solute-solvent interactions. The potential energy from polar interactions is 
still given, for the dipolar case, by expression (4). 

The time dependent reaction field is obtained by a quasi-static boundary 
value calculation and can again be written in the form given by eqn. (15). The 
non-trivial part of solvation dynamics is contained in the form factor r(w) 
whose calculation now gets substantially more complicated because of the po- 
sition dependence of the dielectric function. The details of this calculation are 
given elsewhere [ 221; here we just state the important steps. The reaction field 
is obtained by solving the following system of equations 

P(W) 
-a,+R(o) = A (a)f(a,co) 

a (1%) 



(19b) 

where t (a,~) is the value of the dielectric constant of the solvent at contact 
with the molecular cavity. The functions f(a,o) and f’(a,co) are obtained by 
solving the following ordinary differential equation 

with the boundary condition that 

lim,,, f(r),l 
r2 

(21) 

The simplest way to solve eqn. (20) is to start at very large values of r and 
propagate the solution for large r numerically by a quadrature technique [ 221. 
Note that eqn. (20) can be solved formally for R (co) and can be put in the form 
given by eqn. (17). 

In order to solve (20) and (19), we need to know the functional form of 
t (r’,o.~), which we assume to be given by 

E(r,co) =cE, + 
60(r) --Em 

1 - iozD 
(22) 

with the boundary condition 

lim,,, eO(r)-eO (23) 

where e0 is the bulk dielectric constant. Debye [ 261 discussed a simple method 
to calculate e0 (r) and Ehrenson [ 271 has discussed several forms of t,, (r) . We 
have selected two simple functional forms for e0 (r), given by 

~o(r)=~o(a)+ [E~-E~(u)] tanh[ (r-u)/11 (24a) 

k(r)=%+ [k(a)--ol exp[- (r-a)lAl (24b) 

co (a) is the reduced value of the static dielectric constant at the cavity bound- 
ary and the parameter II is a measure of the length scale over which our contin- 
uous dielectric constant e0 (r ) varies between its limiting values E,, and e0 (a). 
Complete saturation is attained when Q, (a) = E,, which may happen for a “giant 
dipole”. 

In Figs. 2 and 3, we have plotted calculated r(t) against time for e0 = 50 and 
for several choices of the parameters e0 (a) and il. Figure 2 shows the calculated 
results for E, (a) = 10 and L/u between 2/3 and 20. The decay is non-exponen- 
tial for all values but more so for smaller values of E,, (a). Figure 3 shows r(t) 
for complete saturation 6, (a) = 6,. All the curves are markedly nonexponen- 
tial. The prediction of the simple continuum calculation (q,(u) = E,, and L = 0) 
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Fig. 2. The calculated correlation function r( t)/r (0) versus reduced time, using eqn. (24b) for 
c,,(r). c,=50, E,= l,I/a=2. From theleft, thecurvesarefortheDebyeresponse,thenfor e,(a) =25, 

10,5,2 and 1, respectively. t, = 1. 

Fig. 3. The calculated correlation function r(t)/r(O) versus reduced time, using eqn. (24b) for 
E,, (r ) . co = 50, co (a) = t, = 1. From the left, the curves are for the Debye/Onsager continuum re- 
sult, then for l/a=2/3,1,2,5, 10 and 20, respectively. t,= 1. 

is also shown in these figures. In this case, r(t) /r (0) decays exponentially with 
time constant zL. Obviously, inclusion of saturation effects leads to consider- 
ably slower decay. Thus, the present calculation is in better agreement with 
the recent TDFSS experiments than the earlier continuum calculation without 
saturation effects. 

In order to compare this theory directly with experiment, we must evaluate 
dE( t ), which needs specification of p(t) . As before [ 151, we represented ,u (t) 
by a sum of Heaviside functions to mimic the change in the dipole moment 
both on excitation and on emission. The resultant dE( t) can then be used to 
obtain the TDFSS correlation function C(t). The results of this calculation 
have been discussed elsewhere [ 221. The calculated correlation function has a 
behavior similar to r(t), which is expected. 

DISCUSSION 

This article reports results of our recent theoretical calculations in the tem- 
poral evolution of solvation energy of an instantaneously changed dipole in a 
polar solvent. The calculations were based on a continuum model of the solvent 
with the solute molecule replaced by a molecular cavity. The time dependent 
reaction field within the cavity is obtained by imposing the continuity of the 
frequency dependent electric fields (D, and E, for dipolar cavity, D, and # for 
an ionic cavity) at the boundary of the cavity. Such quasi-static boundary value 
calculations obviously neglect the microscopic part of solvation dynamics. It 
is indeed surprising that the simple continuum model provides a qualitatively 
correct description of solvation dynamics in low dielectric constant solvents 
(co 5 50). This success may be because of the long range nature of polar inter- 
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actions. A detailed inspection of the predictions of the continuum theory model 
is, therefore, necessary and worthwhile in order to understand the details of 
solvation dynamics. In this article we have discussed three non-trivial gener- 
alizations of the continuum model. These calculations predict rich and diverse 
behavior of solvation dynamics. They include the biexponential decay for el- 
lipsoidal molecular cavity even with a single Debye relaxation for the solvent, 
strong non-exponential behavior of C (t) when the solvent is only slightly non- 
Debye (e.g. p=O.9 in the Davidson-Cole expression), and the marked influ- 
ence of saturation on the solvation dynamics. It may be possible to test these 
predictions against experiment in the near future. 

The dynamics of polar solvation have been a subject of several microscopic 
calculations in the recent past [ 14,17-201. All these calculations predict a dis- 
tance-dependent relaxation of polarization of the solvent with the solvent fur- 
thest from the ion or the dipole relaxing fastest, which is in agreement with 
Onsager’s suggestion. We have two comments on these calculations. Firstly, 
these microscopic calculations are all based on the linear response of the sol- 
vent. The structure of the solvent may undergo significant changes in the pres- 
ence of a “giant dipole” (or a charge) which is neglected in ‘the linear response- 
based theories. Secondly, the concept of a distance-dependent solvent polari- 
zation relaxation may be strictly meaningful only at earlier times. At later 
times (t N zD) the inner shell relaxation process will “slave” the relaxation of 
the outer shell solvent molecules. Thus, the polarization relaxation of the dis- 
tant solvent molecules will have two distinct components with significantly 
different time constants. It is, however, possible that the second, the slower 
component, may make only an insignificant contribution towards the solva- 
tion energy, E(t). 

Finally, we have neglected the contribution of the translational motions in 
the relaxation of the solvent polarization. In certain cases solvent reorganiza- 
tion around the newly created ion or dipole may involve significant spatial 
displacement of the solvent molecules, especially if the solvent is a mixture of 
two species with different dipole moments. In such cases, we must consider the 
coupling between the orientational and the translational motions consistently 
in a molecular theory. We have discussed this problem elsewhere [ 28,291. 
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