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Bercaw,62b aptly fits. Future exploration includes range 
of H-H distances, 771-H2 binding (a Pt-q1-12 complex has 
been found63), and polyhydrogen ligands (H3+ Or H3-)* 
Evidence for the latter and related interactions resem- 
bling the four-center transition state in the above 
scheme has already begun to appear as of this writ- 

Acc. Chem. Res. 1988,21, 128-134 

ing.44bfj4 

Thi s  research was supported by the Department of Energy, 
Basic Energy Sciences, Office of Chemical Sciences. Special 
gratitude goes to m y  collaborators who shared in establishing 
H2 as a ligand, particularly Phil Vergamini, Bob Ryan,  Basil 
Swanson, and Harvey Wasserman. 

Time-Resolved Studies of Solvation in Polar Media 
JOHN D. SIMON+ 

Department of Chemistry and the Institute for Nonlinear Studies, University of California, Sun Diego, La Jolla, California 92093 

Received September 22, 1987 (Revised Manuscript Received November 25, 1987) 

1. Introduction 
Interest in the molecular motions associated with 

chemical reactions in solution has prompted an effort 
to understand the dynamics of solvation. The effect of 
macroscopic solvent parameters (i.e., viscosity, polarity) 
on chemical dynamics has been extensively studied for 
many decades.l Correlations between rate constants 
and such solvent variables have been r e p ~ r t e d . ~ . ~  
These studies indicate that to some extent, solvent 
effects on chemical reactions can be accounted for by 
the changes the solvent induces in the potential energy 
barrier and free energy of reaction. 

However, for reactions in which the rates are com- 
parable to or faster than solvent fluctuations, the details 
of the motion and structure of the surrounding solvent 
can play a deterministic role in the rates of chemical 
reaction. In order to understand these phenomena, 
major issues must be addressed: (a) how are the in- 
termolecular forces and molecular motions of solvent 
perturbed by the chemically reacting system and (b) 
how do solvent fluctuations couple to the reactive po- 
tential energy surface. 

In recent years, these issues have received more 
theoretical5l2 than experimental13-15 attention. Ad- 
vances in statistical mechanics have resulted in new 
treatments for equilibrium solvation which take into 
account molecular details of the solvent.16J7 For non- 
equilibrium phenomena, the subject of this Account, the 
solvent is generally modeled as a dielectric continu- 
um.18J9 In this treatment the solvent is modeled as a 
structureless fluid with a frequency-dependent dielectric 
constant, 40). Usually ~ ( w )  is expressed in the Debye 
form (eq 1): 

€0 - 
t (w) = t, + 

1 + iW7D 

In eq 1, t, and eo are the high-frequency and zero-fre- 
quency dielectric constants, respectively; rD is the De- 
bye relaxation time. Dielectric dispersion experiments 
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on simple liquids (i.e., DMS020 show that t(w) is well 
described by eq 1. In contrast, most solvents have more 
complex dielectric response than given in eq 1. In the 
case of the normal alcohols, 40) is generally expressed 
in terms of multiple regions of Debye-like behavior.21i22 

The Debye relaxation times are commonly associated 
with the following molecular motions:21 hydrogen- 
bonding dynamics in molecular aggregates (rD1), mo- 
nomer rotation (TI)&, and rotation of the terminal C-OH 
group (7D3). In addition to TD, a second relaxation time, 
the longitudinal relaxation time, or constant charge 
relaxation time, rL, is commonly invoked to gauge dy- 
namical solvent effects. The functional form for rL 
varies slightly depending on the nature of the pertur- 
bation and the value used for E, (n2 or t1..;15,26 for the 
case of a point charge, rL is related to TD by r L  = (€-/to) 
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7D.18'23-27 In polar solvents to >> and thus TL << TD. 

There have been several recent discussions of the im- 
portance of T~ as a gauge of solvent dynamics. In 
particular, Kosower and co-~orkers'~ have reported that 
the intramolecular charge-transfer rates of several 
molecules are well correlated with T ~ - ~ .  These results 
suggest that solvent motions can play a dominant role 
in determining chemical reaction rates. 

Central to all these studies is the desire to understand 
the dynamic interaction between a solute (chemically 
active species) and the surrounding solvent. In this 
Account, we will focus on the present understanding of 
solvation dynamics in polar solvents. We will examine 
how studies on electron solvation, molecular rotation, 
and time-dependent measurements of the evolution of 
the fluoroscence spectrum of a solvated molecule have 
provided insight into the molecular details of solvation. 
Our goal is to emphasize how the interplay between 
picosecond/subpicosecond studies and theoretical ad- 
vances (computer simulations and analytic develop- 
ments) have dramatically increased our overall under- 
standing of solvation dynamics on the molecular level. 

2. Electrons in Polar Liquids: Mechanism of 
Solvation 

The solvation of electrons in polar fluids has been 
examined by several research groups, and review articles 
have recently Injection of an electron 
into a polar media provides an instantaneous pertur- 
bation to the liquid. By monitoring the absorption 
spectrum of this species, the relaxation of the sur- 
rounding structure to solvate the charge can be studied. 

In both water and alcohol solvents, the experimental 
data suggest that the solvation process can be described 
by a two-state At short times, an absorption 
band in the IR is observed. This band decays and an 
analogous band grows in the visible. This absorption 
band is structureless and asymmetric around the 
maximum with a high-frequency tail. The IR absorp- 
tion is assigned to the localization of the electron in a 
preexisting solvent trap. The visible absorption band 
is characteristic of the electron in equilibrium solvation. 
No evidence for a time-dependent shift in the absorp- 
tion spectra reflecting a continuous relaxation process 
of the surrounding solvent (compare section 4) has been 
reported. 

Recently, Migus et al.37 examined the solvation dy- 
namics of electrons in water using femtosecond ab- 
sorption spectroscopy. The time-dependent spectra 
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indicated that the electron thermalizes and reaches a 
localized trap within 110 fs. This species decays with 

' a lifetime of 240 fs, giving rise to the spectrum of an 
electron in equilibrium solvation. Once again, no 
spectral shifts are observed. Thus, similar to the studies 
in alcohols, these results support solvation occurring by 
localization followed by structural rearrangement, and 
the dynamics are well described by a two-state model. 

A microscopic picture of the solvation process relies 
on the theoretical understanding of the effects of sol- 
vent structure and dynamics on the spectroscopy of the 
solvated electron. Feynman path integral simulation 
techniques have been used by the groups of Berne,38 
Klein,39 and R0ssky,4~1~~ to examine the equilibrium 
structure of the solvated electron in and am- 
m ~ n i a . ~ ~  These studies show that there is not a sharp 
shell structure of the solvent around the electron. 
Recently, Rossky and co-workers extended this tech- 
nique, coupling path integral techniques to direct cal- 
culation of the electronic eigenfunction to evaluate the 
optical absorption properties of the solvated electron 
in water. The calculated spectrum qualitatively re- 
produces both the band shape and high-energy tail 
found in the experimental spectrum but is shifted to 
higher energy.4l These studies are the first to provide 
a detailed picture of the nature of the electronic tran- 
sitions monitored by the spectroscopic studies. Ex- 
tensions of quantum  simulation^^^ to look at  solvation 
dynamics of the electron will provide valuable insight 
into the molecular motions responsible for the experi- 
mentally observed spectral changes. 

The structure of the solvated electron has also re- 
ceived considerable attention by Robinson and co- 
workers where threshold ionization is used to inject the 
electron into water.43 The data suggest that rear- 
rangement of water molecules to accommodate the 
charge is important in determining the rate of ioniza- 
tion. Further rearrangement of the solvent around the 
electron is necessary after the charge is transferred. In 
contrast to the solvated electron structure obtained 
from the path integral simulations, Robinson and co- 
workers conclude that the equilibrium state of the hy- 
drated electron may be a hydrated semi-ionic pair 
(OH--H,O+) (as) .u 

3. Rotational Diffusion: Evidence of Dielectric 
Friction 

Experimental measurements on rotational diffusion 
in liquids have been extensively used to probe the in- 
teractions between solute and solvent  molecule^.^"^^ 
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The rotational motion for many molecules in solution 
is well described by treating the surrounding solvent as 
a continuous hydrodynamic fluid. If the solute is as- 
sumed to be spherical, Stokes-Einstein-Debye theory 
predicts that rotational correlation functions of order 
1 decay exponentially, with a time constant given by 

(3) 

where T ~ ( * )  is the rotational relaxation time, q is the 
viscosity of the solvent, a is the radius of the spherical 
rotator, T i s  the temperature, kB is Boltzmann's con- 
stant, and 1 is the order of the orientational correlation 
function. 

The shape factor, f ,  takes into account deviations 
from spherical shape for a solute molecule and has been 
tabulated by Perrin* and Tao" for a series of ellipsoids. 
If the solute has an ellipsoidal shape, the correlation 
function decays as a sum of at  most three exponential 
terms. However, when the interaction dipole is oriented 
parallel to the symmetry axis of the molecule, a sin- 
gle-exponential decay results.55 

The factor C is used to take into account the hydro- 
dynamic boundary condition at  the surface of the so- 
lute; two extreme conditions, stick and slip, have been 
discussed in detail. For the stick case, the tangential 
velocity of the fluid relative to the solute vanishes on 
the surface of the solute and C is unity. In the slip limit, 
the tangential component of the normal stress on the 
surface of the rotator is zero. For spheroids, the values 
for C have been tabulated by Hu and Zwanzig.56 

If the solute molecule has a nonzero dipole moment, 
there are forces in addition to viscosity that can affect 
the reorientational time. Classically, when a dipole 
embedded in a dielectric continuum changes its orien- 
tation, it produces a time-varying field outside of its 
own If the response of the medium is not 
instantaneous, its polarization change lags behind the 
movement of the dipole. The net effect is the creation 
of an electric field in the cavity which exerts a torque 
opposing the reorientation of the dipole. The motional 
energy of the dipole can be dissipated if there is di- 
electric loss in the surrounding medium and has the 
effect of increasing the rotational relaxation time. At 
a molecular level, this energy dissipation results from 
reorientation of the surrounding solvent molecules. 
This dielectric friction has been the subject of several 
theoretical investigations57*@' and results in an additive 
correction to the rotational correlation time. 
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The dielectric friction constant, CDF, is given by 

where c0 is the zero-frequency dielectric constant, a is 
the cavity radius of the dipole, 7D is the Debye relaxa- 
tion time of the solvent, and p is the dipole moment. 
It has proven to be difficult to determine experimen- 
tally when this effect is important in describing the 
motions of molecules in s ~ l u t i o n . ~ ~ " ~ ~  

Dielectric friction effects are included by a function 
that depends both on static (e,,, the zero-frequency di- 
electric constant) and dynamic (7D) properties of sol- 
vent. In recent papers, Kenney-Wallace and co-workers 
have reported large deviations from hydrodynamic be- 
havior for several dye molecules in alcohol/water mix- 
tures.62 By applying dielectric friction theory, a qual- 
itative agreement is observed. In a pressure-dependent 
study comparing the rotational dynamics of p-terphenyl 
and rhodamine-6G, Philips et al. reported that the 
differences between the behavior of the two molecules 
could be accounted for by dielectric friction.50 However, 
for dye molecules in amide solvents, the inclusion of 
dielectric friction does not result in good agreement 
between theory and experiment. Furthermore, for 
DMSO/H20 mixtures, a curvilinear dependence of Trot 

on q is observed and dielectric friction alone is not able 
to explain the observed data.61 Evidence of dielectric 
friction effects on molecular motion has also been 
suggested by NMR measurements on rotational diffu- 
sion.6446 

In order to examine dielectric friction effects in more 
detail, we used molecular dynamics simulations to ex- 
amine the effect of the permanent dipole moment on 
the rotational dynamics of a model diatomic solute in 
water.67 The dipole moment was varied from 0 to 20 
D by changing the atomic charges. From eq 4 and 5,  
it is expected that the rotational time will scale as the 
square of the permanent dipole moment of the solute. 
From 0 to -17 D, the predicted linear correlation is 
observed. However, beyond 17 D, a dramatic deviation 
from the hydrodynamic continuum prediction is ob- 
served. Examination of pairwise radial distribution 
functions shows that above 17 D, the local structure of 
the solvent changes significantly. In addition, the 
structure at  the negative end of the dipole is different 
from that at  the positive end. This change in solvent 
structure reflects the short-range interactions between 
the solute and solvent, and this is not adequately han- 
dled in dielectric friction theories which use a contin- 
uum description of the solvent. 

The inability of theory to describe rotational dynam- 
ics in some solvent mixtures or the solvent structural 
changes observed at large dipole moments in the sim- 
ulations emphasizes the need for inclusion of molecular 
details of the solvent. In mixed-solvent systems, the 
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possibility of specific solvation must be considered. In 
addition, the dielectric friction due to translational 
diffusion of solvent molecules can affect the rotational 
dynamics of the probe m o l e c ~ l e . ~ ~ ~ ~  

4. The Time-Dependent Stokes Shift, a 
Molecular Probe of Microscopic Solvation 
Dynamics: Laser Experiment, Theory, and 
Computer Simulation 

In this section we will explore the dynamics of solvent 
relaxation around molecules which are perturbed from 
equilibrium solvation. In the studies to be discussed, 
the probe molecules are comparable to or larger than 
the size of the solvent. Thus, unlike electron solvation 
(section 2), one might expect that collective motions of 
the medium will be required for solvation, resulting in 
a continuous relaxation process. The experiments are 
based on the observation that excitation to an excited 
electronic state generally results in a change in the 
permanent dipole moment (magnitude and/or direc- 
tion) of a molecule. The Franck-Condon principle 
assures that the formation of the excited state wil l  occur 
on a time scale much faster than any nuclear rear- 
rangement of the environment. As a result, the excit- 
ed-state species will be formed out of equilibrium with 
its surroundings. With increasing time, the solvent 
restructures, responding to the demands of the new 
charge distribution. This results in a lowering of the 
energy of the excited state, and is revealed by a red shift 
(or Stokes shift) in the emission spectrum. Thus, by 
studying the time-dependent Stokes shift, one can ob- 
tain molecular details of the solvent restructuring pro- 
cess. 

Studies on the timedependent Stokes shift have been 
reported on several different types of molecular sys- 
t e m ~ . ~ ~ ~ ~  In addition to states populated by direct 
excitation, solvation dynamics have been probed by 
using emission from excited states populated by rapid 
intramolecular e lectr~n-transfer~~p~ and proton-trans- 
ferE1 reactions. In these cases, the time scale of the 
charge-transfer reaction is much faster than the solvent 
orientational relaxation. 

In order to quantify the time-dependent properties 
of the emission spectrum, several workers have intro- 
duced the following correlation 

In the above expression, v( t ) ,  d o ) ,  and 4 0 3 )  are the 
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Scheme I 
Twisted Intramolecular 
Charge Transfer State Local Exclted 

State ( L E )  

‘N I I I N/  I molecular electron intra- @& 
DMAPS hv t i  1 transfer 

hurl (320-370 nm) 

+ ( 4 0 0 - 6 0 0 n m )  * 

emission maxima at  time t, zero, and infinity, respec- 
tively. Thus, C(t )  is a function that is 1 at time t = 0 
and decays to 0 as t - -. The timedependent behavior 
of C ( t )  provides a means of examining the relaxation 
of the surrounding environment on a microscopic level. 
Dielectric friction effects are expected to play an im- 
portant role in the structural reorganization dynamics 
of polar fluids. The connections between dielectric 
friction theories and C ( t )  have been discussed by van 
der Zwan and Hynes.28 In addition to affecting rota- 
tional motion (as discussed in section 3), dielectric 
friction effects can be envisioned in many chemical 
reactions, i.e., charge transfer and dipole isomeriza- 
t i ~ n . ~ ~ ~  If one considers C ( t )  as a measure of the di- 
electric friction, one may be able to gain information 
from the behavior of C ( t )  of how polar solvents couple 
to chemical reaction coordinates. 

The simplest theoretical model for understanding the 
underlying solvent dynamics that cause the evolution 
of the emission spectrum would be to consider a dipole 
in a spherical cavity embedded in a dielectric continu- 
um.28t82 Generally, the frequency-dependent dielectric 
constant ~ ( w )  is expressed as in eq 1. In this case, it has 
been shown that C(t )  decays exponentially with a time 
constant of the longitudinal relaxation time of the 
solvent, rL. More detailed dielectric continbum treat- 
ments by Madden and Kivelson18 show that for solvents 
characterized by an E(W) of the form given in eq 1 the 
relaxation should be biexponential, with time constants 
of TL and T,,. Relaxation at  some single intermediate 
time has also been discussed by Nee and Z w a n ~ i g . ~ ~  
These models attribute the relaxation of the solvent 
polarization to rotational motion. In solvents which are 
characterized by slow orientational relaxation, the 
dominant mechanism for solvent equilibration could 
involve translational motion of the solvent dipoles. This 
phenomenon has been termed polarization diffusion. 
Theoretical work by van der Zwan and Hynes predicts 
that this relaxation mechanism will dominate when the 
ratio D7,/R2 > 1.28i83*84 In this expression, D and R are 
the self-diffusion constant of the solvent and the cavity 
radius of the dipole, respectively. In this case, C ( t )  is 
predicted to be nonexponential and relaxes to l / e  of 
its initial value on a time scale much faster than 7L. In 
addition, molecular theories and molecular dynamics 
studies of solvation have been reported. We will discuss 
the implications of these studies after examining the 
results of experimental measurements. 

In recent publications from our laboratory, we have 
reported the study of solvation dynamics by monitoring 
the time-dependent Stc&s shift of the emission from 
the twisted intramolecular charge-transfer (TICT) state 
of several aminophenyl  sulfone^.^^^^^ The photophysics 
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Table  I 
Renresentative Data  fo r  Solvation Times Determined by C ( t )  f rom Time-Dependent Stokes Sh i f t  Measurementsn 

solvation time, ps 
dielectric parameters probe molecule 

solvent T, K eo e ,  TD TL C311 C102 C153 BA LDS-750 DMAPS 
CHBCN 298 38 1.9 4.3 0.2 0.67 0.89 0.70 0.4 
CH&HzCN 298 28.6 1.9 4.7 0.31 1.07 1.42 1.4 
CH3(CHACN 298 22.3 1.9 6.2 0.53 1.70 1.95 1.98 
EtOAc 313 5.8 2.5 3.8 1.6 2.37 2.5 
THF 293 8.2 2.2 3.1 0.8 1.42 
DMSO 298 46.5 4.8 20.6 2.1 3.1 
N-methylpropylamide 273 215 6 392 10 125 
propylene carbonate 273 81.9 10 171 20 88 
MeOH 298 33.7 5.6 55.6 9.2 3.3 
EtOH 273 26 4.6 337 60 43 
EtOH 253 32.4 4.86 643 96 112 113 

75 59 (100/53% 17/47%) l-propanol 295 21.1 3.67 430 
l-butanol 298 17.8 3.5 613 120 (100/53% 17/47%) 
ethylene glycol 298 37.7 4 813 86 100 

The corresponding dielectric data are listed for comparison. LDS-750, Styryl 7;77 DMAPS, 4,4'-(dimethy1amino)phenyl s u l f ~ n e ; ~ ~ ~ ~ ~  (2311, 
Coumarin 311;= BA, bianthryl;@ C102, Coumarin 102;= C153, Coumarin 153.76 Dielectric data were taken from ref 21, 22, 70, 71, 75, 78, 88, 
and 92. 

(and structure) of this class of molecules is shown in 
Scheme I. 

In alcohol solutions the rate of intramolecular charge 
transfer for these molecules is significantly faster than 
either T~ or the spectral relaxation of the TICT emis- 
sion.70t71 In Figure 1, time-dependent emission spectra 
at several times after excitation for DMAPS in ethanol 
at -20 "C are shown. The experimental details used to 
obtain these spectra are described in ref 70 and 71. As 
can be seen in Figure 1, the emission spectrum shifts 
to decreasing energy with increasing time after excita- 
tion; the total shift is on the order of 40 nm. Static 
fluorescence data indicate that excitation to the TICT 
state of this molecule results in a large change in di- 
rection (-90") and magnitude (- 10 D) of the perma- 
nent dipole moment.85 From these data, v ( t )  is ex- 
tracted (insert in Figure 1). To generate C ( t ) ,  v(0)  and 
v ( m )  need to be determined. Due to the finite time 
resolution v(0)  is extremely difficult to measure. Some 
recent subpicosecond studies suggest that even on such 
a short time scale, a fast component of the response may 
be missed, resulting in a misassignment of 40). On the 
other hand, v ( m )  can be determined in an analogous 
manner to u ( t ) .  Maroncelli and Fleming have examined 
the effects of v ( m )  on the properties of C(t).76 They 
report that an error in v ( m )  can distort C(t )  at long time, 
but has little effect on the time scale of the majority 
of the response. In figure 2, In [C( t ) ]  is plotted for 
DMAPS in ethanol a t  -20 "C. For comparison, - t / ~ ~  
is plotted (the continuum prediction), as well as - t / T D .  

It is clear that the function C(t)  is not well fit by - t / ~ ~  
but falls between curves corresponding to the two lim- 
iting relaxation times. 

To a good approximation, t(w) for ethanol at -20 "C 
is well characterized by eq 1.22 The TD reflects the 
dynamics of hydrogen bonding (ethanol a t  -20 "C is 
>90% hydrogen bonded).87 However, it could be ar- 
gued that monomer relaxation or even the fastest di- 

(85) Rettig, W.; Chandross, E. A. J.  Am. Chem. SOC. 1985,107, 5617. 
(86) Siano, D. B.; hletzler, D. E. J. Chem. Phys. 1969, 51, 1856. 
(87) Sukai, Y.; Sadoaka, Y.; Yamamoto, T. Boll. Chem. SOC. Jpn. 1975, 

46, 3575. 
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electric dispersion region in the alcohols (C-OH rota- 
tion) should be included in the r e s p o n ~ e . ~ ~ ~ ~ ~  Both of 
these motions occur on a faster time scale than the 
making and breaking of hydrogen bonds. Although not 
known in ethanol, the three relaxation times in propanol 
a t  room temperature are 430,21.9, and 2.1 ps, respec- 
tively.21 Contributions from these regions of the t ( ~ )  
response should result in an acceleration of the solvation 
from that calculated with just the longest time constant 
of the dielectric function. This would result in further 
disagreement between theory and experiment. For the 
case of two regions of Debye dispersion, Bagchi et al. 
have derived an expression for C ( t )  within the contin- 
uum In this case, C(t )  is a sum of two expo- 
nentials, weighted by a function of the dielectric con- 
stants associated with the two regions of dispersion. 
Studies of Coumarin 153 in propanol clearly show that 
the solvent dynamics are not adequately described by 
such a m0de1.'~ 
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Figure 2. The log of the Stokes shift correlation function, In 
[C(t)] ,  is plotted as a function of time for the TICT emission of 
DMAPS in ethanol at -20 OC. For comparison, - t / q ,  and - t / r ~  
are also plotted. The data are not adequately described by the 
continuum model prediction of - t / q  but fall between the curves 
corresponding to the two relaxation times. 

Recently, Castner et al." and Kahlow et a1.88 mea- 
sured C ( t )  for polar aprotic solvents. For several 
molecules, nonexponential behavior for C( t )  has been 
observed and the average lifetime for the decay of C(t )  
is generally longer than TL. In Table I, representative 
data for solvation times and corresponding dielectric 
data for several polar solvents are listed. The molecules 
studied represent a range of changes in dipole moment 
magnitude and direction. In some cases, biexponential 
fits for C( t )  are found to be superior to the single-ex- 
ponential fits. The times given in Table I reflect an 
average time for l / e  of the relaxation process. It is 
important to stress that in almost all cases C( t )  is a 
nonexponential function. Several of the molecules ex- 
amined have been studied in identical solvents and 
yield, within experimental error, the same solvation 
time. These results strongly suggest that the observed 
dynamics are not probe dependent but reflect the res- 
tructuring of the surrounding medium. Four general 
conclusions can be drawn from the data. 

1. The time scale for solvation generally falls between 
TL and TD. In all cases reported, it is closer to 7L than 
TD. 

2. The relaxation dynamics as determined by C( t )  
are nonexponential. 

3. With increasing values of the static dielectric 
constant, eo, the solvation time and solvent longitudinal 
relaxation time become more dissimilar. Not only is 
this true in comparing the variety of solvents examined 
but is also observed in a single solvent as a function of 
temperature where eo increases with decreasing tem- 
perature. 

4. In several solvents where D7D/R2 > 1, the observed 
solvation times are longer than TL, in contrast to the 
prediction of polarization diffusion theory. 

These conclusions suggest that dielectric continuum 
models are not adequate for describing the relaxation 
dynamics of the solvent. For medium-size molecules, 
the majority of the relaxation takes place in the first 
few solvent shells. Thus, the molecular nature of the 
solvent must be considered. The contribution of a range 
of relaxation times between TL and 7D was first proposed 

(88) Kahlow, M.'A.; Kang, T. J.; Barbara, P. F. J. Chem. Phys., sub- 
mitted for publication. 

by Onsager in discussing solvation of a charge.24 Near 
the charge, the solvent dipole would need to rotate, a 
time similar to TD.  With increasing distance, the con- 
tinuum model would become applicable, and the time 
scale for relaxation of the polarization would approach 
TL. Modeling the solvent as a nonequilibrium distri- 
bution of dipoles, Calef and Wolynes were able to 
demonstrate that the time scale for solvation around 
a charge depended on the distance from the ~ h a r g e . ~  
Nearby, a time similar to T D  was found. With increasing 
distance the relaxation time approaches TL. The av- 
erage relaxation time (which would correspond to the 
experimentally observed dynamics) was nonexponential 
and had a l / e  decay time between TL and T D  but closer 
to T~ Loring and Mukamel have also examined charge 
solvation? Expressions for calculating the solvent re- 
sponse are presented, and results similar to the Calef 
and Wolynes treatment are found. Friedrich and 
Kivelson recently examined the time-dependent po- 
larization of a dipolar solvent to a stationary and 
moving ion.68 This work demonstrates that the relax- 
ation dynamics are dependent on geometric properties 
of the solvent molecules. 

Wolynes has recently examined nonequilibrium sol- 
vent dynamics of an ion in a polar solvent.1° Solvation 
was found to occur on a range of time scales. However, 
to a good approximation, the results could be summa- 
rized by introducing a second relaxation time, To, in 
addition to TL, which takes into account the cavity ra- 
dius of the ion, ro and the diameter of the solvent 
molecule, Ds. 

The importance of TG to the observed solvation dy- 
namics depends on the polarity of the solvent and the 
ratio of the volume of the ion to the solvent molecule. 
For r,/Ds >> 1, TG is similar to TL. However, for r, < 
Ds, TG becomes comparable to TD.  In addition, if the 
solvent is weakly polar, TG will also be close to rD. Even 
though this treatment focuses on charge solvation, the 
general physical conclusions should apply to the dy- 
namics explored through C(t ) .  Since solvation times 
are generally longer than TL, motion reflected by T~ may 
play an important role in the solvation process. 

In the above discussion, we have implied that the 
response is entirely accounted for by solvent motion. 
However, during the relaxation process, the probe 
molecules are also undergoing rotational diffusion, re- 
sulting in a time-dependent orientation of the probe 
dipole. This has been treated theoretically by Bagchi 
et a1.82 For the molecules presented in Table I, the 
rotational diffusion times are much longer than the 
measured solvation times. In the study by Maroncelli 
and Fleming on the solvation of Coumarin 153, evidence 
of solvation dynamics was suggested by fast components 
in the rotational ani~otropy.'~ The time scale of this 
fast component was found to correlate with the solva- 
tion times derived from C(t).  This result suggests that 
there was an initial torque on the molecule, in which 
the new direction of the dipole moment on the solute 
tried to realign with the solvation'structure that was 
present around the ground-state molecule. In general, 
the large difference in solvation and rotational diffusion 
times indicates that the dominant contribution to the 
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Figure 3. Molecular dynamics simulation of solvent relaxation. 
The projection of the total solvent dipole moment of a box of 504 
TIP@ water, &(t), on the unit vector in the direction of the dipole 
moment of the U solute, pU, is plotted as a function of time. The 
dotted line a t  t = 0 signifies the jumping of the dipole moment 
of the U solute from 4 D to 12 D. 

relaxation measured is solvent motion. 
Further insight into the molecular details of solvation 

can be revealed by computer simulation. We have used 
molecular dynamics (MD) to examine the time scale for 
the relaxation of TIP4P water to an instantaneous 
change in the dipole moment of a solvated Lennard- 
Jones (LJ) sphere.89 In order to obtain reasonable 
statistics, 60 different equilibrated configurations for 
a solvated 4 D solute were used. For each configuration, 
the dipole moment was instantly changed to 12 D (in 
the same direction), and the system was allowed to 
reequilibrate. The TIP4P water model was used as the 
dielectric properties for this model of water have been 
calculated.g0 This enables comparison between the 
simulation results and both continuum and molecular 
models of solvation. The static dielectric constant for 
TIP4P water is -53, significantly lower than normal 
water. Recent MD studies by Anderson et aLgl dem- 
onstrate the importance of including molecular vibra- 
tions in order to obtain accurate values for %. In figure 
3, results for the 4 D - 12 D jump are presented. This 
plot shows the projection of the total dipole moment 
of the solvent on the solute dipole moment as a function 
of time. 

For TIP4P water, the Debye relaxation time, TD, and 
the longitudinal relaxation time, TL, are -6.5 and 0.12 
ps, respectively. The data given in the Figure 3 reveal 
a solvation time on the order of 0.5 ps, significantly 
longer than TL but shorter than T~ This result is similar 

(89) Karim, 0.; Haymet, A. D. J.; Banet, M.; Simon, J. D. J. Phys. 
Chem., submitted for publication. 
(90) Neumann, M. J. J. Chem. Phys. 1986,85, 1567. 
(91) Anderson, J.; Ullo, J. J.; Yip, S. J. Chem. Phys. 1987, 87, 1726. 
(92) Salefran, J. L.; Marzat, Cl.; Vicq, G. Adu. Mol. Relax. Interact. 

Processes 1981, 19, 97. 

to the trends observed in the experimentally measured 
C(t )  functions. MD simulations of this type are po- 
tentially important in revealing the molecular mecha- 
nism of solvation in polar fluids. From simulated data, 
solvation dynamics can be examined for individual 
solvent shells. We have examined the relaxation dy- 
namics as a function of solvent shell. The first shell is 
found to relax on a slower time scale than the average 
solvent relaxation depicted in Figure 3. It is interesting 
to note that the relaxation time of this solvent shell is 
well described by eq 8. In addition to our studies, 
Maroncelli et al. have examined the electric field cor- 
relation functions of different solvent shells around 
charged and uncharged LJ solutes in ST2 water.75 
These results provide insight into both the nonexpo- 
nentiality and time scales observed in the experimental 
measurements of C(t) .  

5. Conclusions and Future Directions 
In this Account, we have examined several experi- 

mental probes of the dynamic interactions of molecules 
in polar solutions. In all cases, experimental data alone 
are insufficient for a complete understanding of the 
molecular details of the solvation process. Theoretical 
models are required. 

The experimental studies discussed in this Account 
show the need for the development of models of non- 
equilibrium solvation which include molecular details 
of the solvent. In addition, new experimental probes 
of solvation dynamics are needed. Advances in our 
understanding of solvation and the role of solvent 
fluctuations in chemical reactivity require a concerted 
effort by both experimentalists and theoreticians. 
Recent developments in the theory of nonlinear spec- 
troscopies suggest that these techniques will become 
powerful tools for studying dynamical processes. With 
advances in computational power, molecular dynamics 
simulations on more complex systems will become 
possible. From these simulations it may be possible to 
identify fundamental microscopic solvent variables 
which could provide starting points for both analytic 
theories of solvent dynamics and the design of new 
experimental probes. 
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