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inverse transform of AE(z) and the analyticity of the response function {17] we
have

AE(t) = P\ dze A B(2)

A \&.\ dr' AE(r) - [R™(r,1';0) — X" (r,r'; 00)] - AE(r)

1 e \ e w)
- mﬁ\o anomAES,.\%\&n A&(r)- A&(r"), (9)

w

where w is the frequency and X?_V:?x r';w) is the imaginary part of the dielectric
susceptibility. ¥!™"(r,r’;0) and %™ (r,v’; 00) are the real parts of the the dielectric
susceptibility at frequencies zero and infinity respectively. The symbol ‘C’ under -
the integral sign denotes the integration contour of the inversion. Therefore, onces -
the dielectric susceptibility function is known at different frequencies the time- =
dependent solvation energy change AE(t) can be obtained from Eq.(9).

The modified response function generally differs from that of the pure solvent,
%(r,r’;w). A conventional way to estimate X?;?.L. ;wiin terms of ¥(rir';w) is
to assume that the solvent outside the volume occupied by the solute remains the
same as the bulk solvent, namely, behaves like an unperturbed pure isotropic sol-
vent. The only effect of the solute is on the volume of the integration in Eq.(8). This
assumption is the “uniform” or “homogeneous” dielectric approximation used in
many solvation dynamics theories; see, for example, discussions of this and alterna-
tive approximations in Refs. [9] and [10]. We have shown that this approximation
is generally not accurate because the existence of the solute significantly affects
dipole-dipole correlations outside the excluded volume [12}].

Employing a Gaussian field model of solvation, we are able to derive a general
relation between the modified response function XABVQ. r’;w) and the pure solvent

x(r,r’;w) [12],

™ (r,rw) = x(r,r;w)
= [, dedex(r, v s) - xH(r, rw) - x (2, 1 w). (10)

The ‘in’ labeling the integration symbol means the integration is limited to the
region occupied by the solute and from which the solvent dipole density is expelled.
The inverse of the ‘in’ matrix, x5 (r,r';w), is defined as

\ dr’'x;Hr, 5 w) - x (0, w) = 6(r — 1), (11)

where I is the 3x3 identity matrix associated with the Cartesian coordinates of
a three-dimensional system, and x;,(r,r";w) is x(r,r';w) when both r and r’ are
within the ‘in’ region, and is zero otherwise.

If the pure solvent response function x(r,r’;w) and the region occupied by the
solute are known, the solvation correlation function S(t) can be calculated from

Egs.(3),(9) and (10). Before a theory of x(r,r’;w) is presented, we show that
all linear and non-linear spectroscopic signals can be calculated given the above
information as long as the mo_<m.5 obeys linear response.

If the mo?osﬁ treated as a dielectric medium obeys linear response, the dielec-
tric response ‘of the solvent can be described phenomenologically by a harmonic
bath [18]. “The Hamiltonian of.the solvent assumes the following form [19]:

- a

. ] —
o o= g 2 helpl + gl), (12)
-
and
. e & - . -
. [ 1
AH= He = Hy = hoog + 5 3 hs[2qid; + 2 (13)

where H, is the eflective harmonic bath of the solvent with dimensionless momen-
tum p; and coordinate g; for a mode at frequency w;. AH is related to the shifted
harmonic bath by d; for mode ¢ due to the interaction with the solute in two
different electronic'states. As usual, the spectral density is defined as

= WM&WNXEIEL. (14)

Given this spectral density, all of the signals from laser spectroscopy experiments
can be calculated from the usual linie broadening function [19], g(t),

‘ Lo(t) = ¢'(t) +ig'(1)
gt = \ﬂ.uoo dw(l — coswt) 8&2@??&
= \H.voo dwp(w) sin wt. (15)

Furthermore, the reorganization energy is related to the spectral density as

p u\o dwp(w)w. (16)
From Eq.(9), the reorganization energy can also be written as

A= DES — AE(o0)

oo Lav:? ™ (r, x5 w) ,
= ﬂ %\%\& AE(r = - AE(). (17)
Combining Eqs.(16} and (17) we have
_ 1 AE"(w)
pl) = - 22, 19)
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where the imaginary part of the solvation energy(cf Eq.(9)) is

™ (r, 1 w)

AE"(w) = \&\&\Dmi X BT AL, (19)
This expression has been derived in various contexts for different specific models
of the solute [20]. Thus, the calculation of the spectral density is reduced to the
calculation of the solvent response function and the solute properties, such as its
molecular shape and the electric field change from the ground electronic state to
the excited one. From Eqs.(3), (9) and (18) the solvation correlation function can
also be written in terms of the spectral density

S(t) = W \o * duwp(w) cos(wt). (20)

Now we turn to the theory of the solvent dielectric response for a complete theory
of solvation dynamics.

III A DYNAMICAL DIELECTRIC CONTINUUM
MODEL OF SOLVATION DYNAMICS

To illustrate the use of the formulation of last section, a theory for x(r,r’;w) is
required. For this purpose, we use the simplest, suitably generalized, text book
model of a dielectric material [21]. In particular, we imagine that the space is
divided into a cubic grid of N polarizable cells. Each cell has volume v = a®, where
a is the length of the cell such that the dipole of a cell follows Gaussian statistics.
The instantaneous dipole of the cell at discrete position r is m.(7} = m(r,7)v,
where m(r,7) is the dipole density at position r and Euclidean time 7. In this
reduced description, the polarizability a(r) of each cell is non-local in time, but
constant in space, and different cells interact via dipole-dipole interactions. The
action of the system can be written as

Stme(r)) = 5 [ G | e () )
'.w A\n.umm lmw M BﬁAﬂv : Hn‘n‘ . B..Aﬂvq AM“:

where 8 = 1/kgT and T is temperature. Ty, is the dipole-dipole interaction tensor
given by
(r—r')r—-r) I

T =3 - .
o r —r}® e

(22)

Using the spatial Fourier transform and an analytical continuation from Matsub-
ara frequency to the real frequency w, this model can be solved under the continuum
limit [22,23,12]. The response function x(r,r’;w) is given by

x(r—riw) = Mﬁm@w ﬁwAEV +1

where the dielectric constant e(w) is related to the dimensionless polarizabilit;
y(w) = 47a(w)/3v through Clausius-Mossotti equation,

s(r—ryr4 =1

3 As‘\v ‘Hn,w@ ) AM~ )

— 5 = ylw). (24)

6(r — r') is the usual Dirac delta-function and p = 1/v. Under the continuum limit
the dielectric response is completely specified by the dielectric constant function
¢(w), which can be obtained from experiments.

Now apply the above pure solvent response function to our theory of solvation
dynamics formulated in Sec. II. Consider a charge distribution change created
at time t = 0 inside a dielectric cavity due to the solute. The Fourier-Laplace
transform of the time dependent solvation energy change [13] is

H .
III . Q ‘
ABw)= =33 §dan aolr Ry 2 (25)

where r; is the position of the ith charge, ¢;. And dag is the normal area element
at position R of the surface S. The surface charge o(r, R;w) satisfies the following
integral equation:

elw)—11

g(w)+ 127

1
*mw &@m Q.An.q w; quzg

gw)y—11 1

mAEv+st‘<uo“~.|m~o_ =0, (26)
where V,, denotes the outward normal gradient at Ro. The spectral density of the
system follows from Eq.(18) by taking the imaginary part of AE(w).

In general, the formulation of this section is not confined to the continuum theory
of a non-ionic dielectric. For example, in place of Eq.(23), one may use a response
function matrix appropriate to a homogeneous ionic solution. Short length scales
with molecular detail could also be included. Equation (26) could be written, but
the integral equation for o(r,r';w) will be modified due to the features in x{(r,r'’;w)
referring to ionic strength and molecular detail. For the applications given in this

paper, however, we confine ourselves to the case of a non-ionic dielectric continuum
solvent.

o(r,Ro;w) —

IV COMPARISON WITH ULTRAFAST
SPECTROSCOPY EXPERIMENTS

We now discuss how to solve the integral Eq.(26) numerically and combine it with
Eq.(18) to calculate the spectral density of a charge distribution inside a dielectric



cavity spanned by the solute. Comparisons with experiments are made for four ex-
perimental systems: the solvation correlation functions of coumarin 343~ (C3437)
in water [24], coumarin 153(C153) in methanol and C153 in acetonitrile [25] mea-
sured by time-dependent Stokes shift experiments and the peak shift of eosin in
water measured by three-pulse photon-echo experiments [14].

Figure 1. The comparison
of the solvation correlation
function between theory and
experiments for 343~ in
water. The solid curve is
from experiments [24], the
dashed curve is from our cal-
culation. The dielectric data
are from Ref. [26].

0.6

()

The numerical method to solve the integral Eq.(26) over a surface is based on
collocation methods by Atkinson and coworkers [27]. Basis functions prescribed
in Ref. [27] are set up over the surface by triangulation, and the integral equation
is converted to a system of linear equations. Then, the spectral density of the
system can be calculated. For a molecule like C343~, we use the Lee and Richards
molecular surface [28], and triangulation over this surface is done by Zauhar’s
method [29]. The van der Waals radii of the atoms are taken from the CHARMM
parameter package [30]. The atomic charge distribution and its change due to
electronic excitation of C343~, C153 and eosin are obtained from electrostatic fits
to semi-empirical MNDO wave-functions {31] calculated using the AMPAC program
package. The frequency dependent dielectric constant functions of various solvents,
g{w), are taken from Refs. [26,32]. With this information, the solvation correlation
function can be obtained from Eq.(20). The results are shown in Figs.1-3. It is
cear that all of the major features observed in experimental results, the initial
inertial decay and the multiple exponential long time relaxation, are reproduced
almost quantitatively by these calculations.

Figure 2. The comparisor
of the solvation correlation
function between theory and
experiments for C153 in ace-
tonitrile. The solid curve is
from experiments [25], the
dashed curve is from our cal-
culation. The dielectric data
are from Ref. {32].

Figure 3. The comparison
of the solvation correlation
function between theory and
experiments for C153 in
methanol. The solid curve
is from experiments [25], the
dashed curve is from our cal-
culation. The dielectric data
are from Ref. [32].

S(t)

m.an the photon-echo mxvml.gmsr combining the spectral density calculations de-
m.n:v@a above mca. the experimental laser pulse width, the peak shift of the echo
signal can be obtained [14]. The comparison with experiments is shown in Fig. 4.



12 ] Figure 4. The comparison of
the three-pulse photo-echo
peak shift between theory
9 1 and experiments for eosin in
water. The solid curve is
from experiments [14}, the
dashed curve is from our cal-
culation. The first point
of the calculated peak shift
data is normalized to the ex-
perimental first point. The
- : dielectric data are from Ref.
0 400 800 1200 1600 2000 ﬁwg.
Population Period(fs)

Peak Shift(fs)

Without the contribution of intramolecular vibrations, we were able to capture
almost all of the features of the experimental results. Especially, the low-frequency
hindered translation band (180 cm™!) resulting from dipole-induced-dipole inter-
actions in water is responsible for the sudden change in the slope of the peak
shift between 40 and 80 fs. If the intramolecular vibrational modes contribution
is accounted for, the oscillatory features in the peak shift can be simulated almost
quantitatively [14].

V CONCLUDING REMARKS

In this report, we briefly reviewed our effort to develop a theory of solvation
dynamics from solute properties and experimentally accessible dielectric constant
functions of solvents. With this formulation, we have derived a practical algorithm
to calculate the spectral density of the system for an arbitrary charge distribution
in a dielectric cavity with realistic molecular shape.

ACKNOWLEDGMENTS

The author is grateful to his collaborators, Professors David Chandler, Graham
Fleming and Rudy Marcus, and Drs. Matt Lang, Chaoping Hsu and Xanthipe
Jordanides.

REFERENCES

1. G.R. Fleming and M. Cho, Annu. Rew. Phys. Chem. 47, 109(1996).

oo W

-1

15.

16.

19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

. W.P. deBoeij, M.S. Pshenichnikov and D.A. Wiersma, Annu. Rew. Phys. Chem. 49

99(1998).
E.W. Castner and M. Maroncelli, J. Mol. Liguids 77, 1(1998).

. B. Bagchi Annu. Rev. Phys. Chem., 40, 115(1989).

P.F. Barbara and W. Jarzeba, Adv. Photochem. 15, 1(1990).

. T. Fonseca and B.M. Landanyi, J. Phys. Chem. 95, 2116(1991); M.S. Skaf and B.M.

Landanyi, J. Phys. Chem. 100, 18258(1996); M. Maroncelli and G.R. Fleming, J.
Chem. Phys. 89, 5044(1988); M. Maroncelli, ibid 94, 2048(1991); J.S. Bader and D.
Chandler, Chem. Phys. Lett. 157, 501 (1989).

- Y.T. Mazurenko and N.G. Bakshiev, Opt. Spectrosc. 28, 490(1970); B. Bagchi, D.W

Oxtoby and G.R. Fleming, Chem. Phys. 86, 257(1984); G. van der Zwan and J.T.
Hynes, J. Phys. Chem. 89, 4181(1985).

. P.G. Wolynes J. Chem. Phys. 86, 5133(1987); I. Rips, J. Klafter and J. Jortner, J

Chem. Phys. 89, 4288(1988); A.L. Nichols IIl and D.F. Calef, J. Phys. Chem. 91,
3783(1989).

. L.E. Fried and S. Mukamel, J. Chem. Phys. 93, 93(1990).
10.
11.
12.
13.
14.

F.O. Raineri, Y. Zhou, H.L. Friedman and G. Stell, Chem. Phys. 152, 201(1991).
F.O. Raineri, H.L. Friedman and Baw-Ching Perng, J. Mol. Lig. 73-74, 419(1997)
X. Song, D. Chandler and R.A. Marcus J. Phys. Chem. 100, 11954(1996).

X. Song and D. Chandler, J. Chem. Phys. 108, 2594(1998).

M.J. Lang, X.J. Jordanides, X. Song and G.R. Fleming, J. Chem. Phys. 110
5884(1999).

D. Chandler, K.S. Schweizer and P.G. Wolynes, Phys. Rev. Let. 49,1100(1982); J.S.
Heye, and K. Olaussen, J. Chem. Phys. 77, 2583(1982); Y.C. Chen, J.L. Lebowitz
and P. Nielaba, J. Chem. Phys. 91, 340(1989).

J.P. Hansen and L.R. McDonald, Theory of Simple Liquids 2nd Edition; Academic
Press: NewYork(1986).

. For example, section 7.7 of Ref. 16.
. For a recent pedagogical exposition, see, Y. Georgievskii, C.P. Hsu and R.A. Marcus

J. Chem. Phys. 110, 5307(1999).

S. Mukamel, Principles of Nonlinear Optical Speciroscopy, Oxford University Press
New York(1995).

C.P. Hsu, X. Song and R. A. Marcus, J. Phys. Chem. 101, 2546(1997) and reference:
therein.

J.D. Jackson, Classical Electrodynamics 2nd ed. John Wiely & Sons, New
York(1975).

That is, the length scale in which we are interested is much larger than the lattice
spacing.

M.S. Wertheim, Ann. Rev. Phys. Chem. 30, 471(1979).

R. Jimenez, G.R. Fleming, P.V. Kumar and M. Maroncelli, Nature 369, 471(1994).
M.L. Horng, J.A. Gardecki, A. Papazyan and M. Maroncelli, J. Phys. Chem. 99
17311(1995).

X. Song, and R.A. Marcus, J. Chem. Phys. 99, 7768(1993).
K. Atkinson, SIAM J. Sci. Comp. 15, 1087(1994).
F.M. Richards, Ann. Rev. Biophys. Bioeng. 6, 151(1977); M.L. Connolly, J. App



Cryst. 16, 548(1983).

29. R.J. Zauhar, J. Comp-Aided Mol. Des. 9, 149(1995); R.J. Zauhar and A. Varnek, J
Comp. Chem. 17, 864(1996).

30. B.R. Brooks, R.E. Bruccoleri, B.D. Olafson, D.J. States, S. Swaminathan and M
Karplus, J. Comp. Chem. 4, 187(1983).

31. F.A. Momany, J. Phys. Chem. 82, 592(1978).

32. C. Hsu, Y. Georgievskii and R.A. Marcus, J. Chem. Phys. 102,2658{1998).



