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A variety of chemical processes in solution is explored theoretically by means of the extended RISM equation, an
integral equation theory of molecular liquids. The chemical processes include the classical problem of ion hydration,
solvent induced electronic structure change and chemical reactivity in solution, protein folding, and dynamics of solvent
as well as solvated ions. A special emphasis is laid on the ability of the theory to account for chemical specificities of
molecules, which is crucial for any chemical processes in solution.

The infinitely large variety of molecular species produced
from a rather limited number of chemical elements through
chemical reactions is a fact that has fascinated chemists and
motivated most of their research. The electronic structure
and its changes are of course the primary cause of such a
variety in chemical compounds. There is, however, another
important factor, collectively refered to as the “solvent ef-
fect,” which plays a crucial role in determining the direction
and rate of chemical reactions in solutions. It is not sur-
prising that so much effort has been put on evaluating “sol-
vent effect” in many fields including organic and biological
chemistries, if one considers that most chemical reactions
take place in the environment of solutions.!?

The phenomenological models or the dielectric continuum
models represented by the Born model for ion hydration,”
Onsager’s reaction field,” and the Stokes—Einstein—Debye
law®—" for non-equilibrium processes have long been stan-
dard tools in evaluating such solvent effects. The Marcus
theory for the electron transfer reaction may be the best exam-
ple of such models.® The dielectric continuum models aided
with highly sophisticated computational algorithms are ex-
ploited even for the most challenging problems in chemistry
such as chemical reactions and protein stability.**'¥ How-
ever, the latest developments in the experimental techniques
and the molecular simulations have unequivocally revealed
the serious breakdown of such models: The interpretation of
such experimental data is reaching a point where the contin-
uum description fails to reconcile the disagreement between
experiment and the models without making use of unphysical
parameters.'' '3

The statistical mechanics of liquids and liquid mixtures is
the most natural choice for replacing the phenomenological

models. The liquid state theories should be able to han-
dle the specificity of molecules in order for the theories to
make sense to chemists. However, until about thirty years
ago, the theory of liquid is largely limited to a system of
spherical molecules, the best example of which is a system
of hard spheres." The chemical characteristics of a system
are represented just by the diameter of a molecule, which of
course does not satisfy the demands from chemistry. This is
one of the reasons why the statistical mechanics could not
have replaced the continuum models; theories based on the
phenomenological models are still predominantly used in the
field of chemistry to interpret experiments. The major break-
through toward the liquid state theory in chemistry has been
made by D. Chandler and H.C. Andersen in 1971 with their
theory for the reference interaction site model (RISM).!® The
theory is a natural extension of the Ornstein—Zernike (OZ)
equation to a mixture of atoms, but with strong intramolecu-
lar correlations which represent chemical bonds. The theory
takes account of one of the two important chemical aspects
of molecules, geometry, in terms of the intramolecular corre-
lation. However, it does not handle the other chemical aspect
of molecules, electrostatics, in its original forms. The charge
distribution in a molecule, which is a classical manifestation
of the electronic structure, plays a dominant role in deter-
mining the chemical specificity of the molecule. Therefore,
without including the charge distribution in molecules, the
description is incomplete in terms of chemical specificity. A
complete chemical characterization of molecular liquids be-
came possible in 1981 due to the appearence of the extended
RISM theory which takes the charge distribution as well as
the molecular geometry into account.'® The electrostatic in-
teractions between atoms, a naive treatment of which causes
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divergence in the spatial integrals in the OZ type equations,
has been handled by a renormalization technique originated
by J. Mayer,'” implemented in the Ornstein—Zernike equa-
tions by Allnat,'® and fully explored by H.L. Friedman and
his coworkers' in their theories of the electrolyte solution.
In that sénse, the extended RISM theory is also an natural ex-
tension of the Mayer—Allnat—Friedman electrolyte solution
theory to the molecular liquids. Applications of the theory
to a variety of liquids and solutions have demonstrated its
capability of describing the chemical specificity of liquids
in a molecular detail. Such application includes analyses of
water structure,?” solvation free energy of ions,*'?? the B-Z
transition of DNA,* Sx2 reactions,?® the dynamic structure
factor of water,” the dynamic Stokes shift,’® and the stability
of polypeptides.”"*

In this article, I present our recent efforts to explore a
variety of chemical processes in solution by means of the ex-
tended RISM theory. In the following section, the extended
RISM theory is briefly summarized for the purpose of pro-
viding definitions of the physical variables used throughout
the paper. In Section 2, the classical problem of ion hydra-
tion is revisited from a microscopic point of view. A special
stress is laid on how the classical concepts of ion hydrations,
such as the “negative hydration” and the “structure breaking”
effect, are accounted for by the modern statistical mechan-
ics of liquids. Section 3 is devoted to the solvent induced
change in electronic structure of molecules in solution as
well as solvent effects on chemical reactions. The stability
of biomolecules in solution is discussed in Section 4, where
roles of solvent in determining protein conformations are in-
vestigated by means of a combined RISM and Monte Carlo
method. In Section 5, non-equilibrium aspects of solutions
are studied based on the RISM theory coupled with the gener-
alized Langevin equation. The dynamics of a solvated ion in
polar liquids is investigated from the viewpoint of collective
density fluctuations in solvents.

1. Density Fluctuations in Molecular Liquids

When liquids are viewed as a collection of molecules (or
atoms) rather than a continuum, the molecular (atomic) den-
sity fluctuates in space as well as in time. The local density
or the density field is defined as

par)=>_ 6 —rf), M
J

where p, (r) denotes the density of atom type « at the position
r, O indicates the Dirac d-function, and the sum runs over
all molecules in the system. In uniform liquids, the thermal
average of the density field is constant, namely,

(pa(r)> = Pa, (2)

and this quantity does not carry microscopic information
concerning liquid structure. It is the variance and co-
variance of the density fluctuation, defined by y.z(r,r') =
{Spo(r)Spp (")), that characterizes the microscopic structure
of liquids, where dp,,(r) is defined as,
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Opa(r) = pa(r) — (pa(r)). 3)

Xap(rr') can be split into intra- and inter-molecular contri-
butions as

Lap (1) = Wap(r,F') + phag(r,r), @

where g (r,r") and hg(rr') represent the intra and inter-
molecular correlation functions, respectively.

For the uniform liquids in which the translational and rota-
tional invariance are implied, the w,g(rr") and hp(r.r') can
be just functions of the distance between the two positions,
r and ¥/, namely,

hap(r,r') = hag(r —r']), ®)

and
Wap(r,r") = ag(r —r')). ©)

The RISM theory provides a method to calculate the inter-
molecular correlation function hgg(r) given the interaction
potential between a pair of molecules, which is represented
by a sum of the site—site interactions,

u(1,2) =33 ugp(r), ™
@ B

and the molecular geometry which is represented by
@qp(r)."”” In the case of rigid molecules, @ can be expressed

by
1
Wop(r) = padgd(r)+(1 — 50,,3);4”7/3 8(r—Lgp), (8
(o7

where L,g denotes the rigid constraints, or “bond length”
between an atom pair « and £3.

A general expression of the RISM equation for a system
consisting of several-molecular species can be written as,'®

php=@*c*x @+ w*c*php, )

where p denotes a diagonal matrix consisting of the density of
molecular species, ¢ and k are the direct and total correlation
matrices, respectively, of which each element, say, hp stands
for the correlation function between an intermolecular atom
pair @ and . The asterisk indicates the convolution integrals
and matrix products. For a problem of solvent effect on
chemical processes in solution, the most interesting case is
the infinite dilution limit in which the concentration of the
chemical species of interest tends to zero. In such a case, the
general expression becomes

v v vV v v v vV
Y =w'sxc” xw' +w' xc” x p'h"”, (10)

vV u uv
Y =w" s xw +w'xc" *x p'h"”, [€5))

9

where subscripts “u” and “v” indicate sol“u”’te and sol“v’ent,
andw = wp~'. Those equations are supplemented by closure
relations such as the Percus—Yevick (PY) and the hypernetted
chain (HNC) approximations, namely,

cap(N=exp[—PLugg(NI{1+hap(r) — cqp(r}
—{hap(r) —cop(M}—1 (PY) 12)
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and

cap(N)=exp[—Pugg(r) +hop(r) — cqp(r)]
—{hap(r) —cqp(N} —1 (HNC) (13)

For the applications of the theory to the polar liquids in which
the Coulombic interactions are essential, the equations are
renormalized (extended RISM) to avoid divergence regard-
ing the spatial integral.'®

All thermodynamic functions can be calculated from the
pair correlation functions. The excess chemical potential
or the solvation free energy of a molecule has particular
importance in determining the stability of the molecule in
solution.??

Bu=—£5 [artcan - Shasr+ Shasreas)]  (14)

The Lennard—Jones (L-J) plus Coulomb interaction,

g () = b [(Uaﬁ ) o (@ﬁﬂ +298 - as)

r r-.

are employed for the site-site pair interaction throughout
the text, where €af> Oaf> qas and qp have usual meanings.
The standard OPLS-type®® parameters are used in most of
the calculations except for the section five, where we adopt
ECEPP-type®" parameters for the interaction potential of
peptide due to a historical reason associated with our research
collaboration. For water potential, three different sets of
parameters, TI3P,*® SPC,* and SPC/E,*” are employed in
the different problems discussed below. I believe, however,
those differences in the potential parameters do not affect
the conclusions drawn in the paper; the conclusions are all
qualitative and small changes in the numbers do not make any
difference. In all cases, the standard combination rules, €af =
(€a€p)'/? and 0,5 = (04 +0,)/2, are employed to estimate
the L—-J parameters for a pair of different atoms.

2. Solvation of Ions and Hydrophobic Solutes

Most fundamental physicochemical processes in solution
would be solvation of ions. Especially, hydration of ions
has been a major concern since Drude—Nernst (1894) and
Bormn® due to its close relation with chemical reactions.®
Two closely related models for a microscopic picture of the
hydration have been proposed in the 1957 issue of the Dis-
cussion Faraday Society.***® Frank and Wen®> proposed a
model based on the solvation thermodynamics, according to
which a small ion like Li* is surrounded by three concentric
regions. The innermost (region A) is the region where water
molecules are firmly bound to the ion, the second (region
B) is the region in which water is less “ice-like,” i.e. more
random in organization, than “normal water”, and the third
(region C) contains normal water polarized in the ordinary
way by the ionic field which becomes relatively weak. They
presumed that the cause of the structure-breaking effect is an
approximate balance in the region B between two compet-
ing orientational effects which act on water molecules: the
hydrogen-bonding with neighboring water molecules, and
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the orienting influence upon the dipole of the spherically-
symmetrical ionic field. All three regions appear around a
small ion such as the Li* ion, while only B and C regions
can be seen in case of larger ions such as Cl™ ion, since the
A-region is hidden by the atomic core. In the same issue,
Samoilov*® proposed a similar picture for the ion hydration
but from a different point of view. Samoilov could abstract
activation energies (E;) associated with the activated jump
of water molecules from the immediate vicinity of an ion
to the bulk from experimental data of the diffusion constant
and the viscosity. Comparing E; with the same quantity but
with a water molecule in place of an ion, which is denoted
by Ey, Samoilov found that E; > E, for small ions such as Li*
and Na* while E; <E, for large ions like K* and Cl~ ions.
Samoilov referred to the two cases, AE; (= E;—Ey)>0 and
AE; <0 as “positive” and “negative” hydration, respectively.
Those two pictures regarding the ion hydration proposed
four decades ago have given great influence on interpreting
experiments in the field of solution chemistry and still do.>”
However, it is still ambiguous what those concepts like “neg-
ative hydration” and “structure breaking” realy mean in terms
of the microscopic picture of solvent around the ions. It is
of interest to see how the phenomena can be characterized in
terms of the integral equation method.*®

The logarithm of the radial distribution function (RDF),
g() (= h(r)—1), multiplied by —kgT is the potential of mean
force or the solvent averaged potential surface. The transi-
tion from the first to the second minimum of the potential of
mean force can be regarded as the activation jump of the sort
modeled by Samoilov, and the energy difference between the
first minimum and the first maximum is then an activation
energy. The potential of mean forces between ion and water
and those between water molecules, which can be calculated
from the extended RISM equation, give the activation en-
ergy associated with the jump, which has been empirically
obtained by Samoilov. Figure 1 shows the difference in
activation energy AE; which are obtained from the ion-oxy-
gen distribution function for cations and the ion-hydrogen
distribution function for anions. It can be readily seen that
the picture for the ion hydration proposed by Samoilov is
qualitatively reproduced by the theory (Table 1). The rela-
tive residence time calculated from a simple formula of the

3
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Fig. 1. AE;’s for various ions.
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Table 1.  Activation Energy (AE;) for Various Jons. (Unit

in kcalmol™!)

I AE? AED
on (ex-RISM) (experiment)
Lit 1.35 0.73
Na* 0.10 0.25
K* —0.60 -0.25
~F~ 2.17
Cl™ —0.20 —-0.27

a) The results obtained from ex-RISM (Ref. 38).

tal results by Samoilov (Ref. 36).

transition state theory:
Ti
2 = exp (AE:/ksT),
()

(€))

b) Experimen-

(16)

25
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shows reasonable agreement with those obtained by
Samoilov. All those observations indicate that the old con-
cepts for ion hydration have some basis which can be inter-
preted theoretically in terms of the potential of mean force.
Then, the next question to be asked is “Is it possible to char-
acterize the structural modification of solvent around the
ions?”

In Fig. 2, plotted are the solvent-solvent radial distribution
functions (RDF) for water between O—O atoms and between
O-H atoms, and the perturbation on RDFs due to existence
of ions calculated from the extended RISM equation. The
perturbations due to ions or the density derivatives of the
RDF are calculated using the Yu—Karplus method.?? Only
the results for Li* and Cl~ are shown; these represent, re-
spectively, the ions of positive and negative hydrations. The
structural characteristics of water are manifested in two fea-
tures in the RDFs: The sharp peak around 1.4 A in the O-H
RDF and the small dent around 4.2 A in the O-O RDF.
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Fig. 2. (aandb) Solvent radial distribution functions and their derivatives with respect to the density of Li*; (a) goo (solid line) and
its density derivative (dashed line); (b) gon (solid line) and its density derivative (dashed line). (c and d) Solvent radial distribution
functions and their derivatives with respect to the density of C17; (c) goo (solid line) and its density derivative (dashed line); (d)
gon (solid line) and its density derivative (dashed line).
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The first feature is due to the hydrogen-bond between a pair
of molecules, and the second one is a manifestation of the
three-body correlation in the hydrogen-bond network in wa-
ter, which has an ice-like tetrahedral coordination. It was
undoubtedly a major triumph for the extended RISM theory
to reproduce such features of water structure without using
ad hoc models; such a feat had long been considered as a
main goal for the liquid state theory.'®*® The ion perturbation
depicted by the dotted lines characterizes the way how those
features of water structure are modified. As can be clearly
seen, the peak around 1.4 A in the O-H RDF is disrupted in
either case due to the ion perturbation. It is not surprising
because in both cases the solvent—solvent hydrogen-bond is
weakened due to the orientational effect of the ionic field.
Then, what distinguishes the negative from positive hydra-
tions? This question can be answered by examining the O-O
RDF. The comparative inspection of the density derivative
curves for Li* and Cl~ indicates that the first peak of the
O-0 RDF shifts outward for Li* while it displaces inward
for C17. What physical significance can be attached to this
observation? When an ion is positively hydrated as in case of
Li*, water molecules around the ion tend to align the dipole
moments in parallel to the ion field. The water molecules
will then repell each other due to the repulsive electrostatic
interactions between O—O and between H-H, which will ap-
pear as the outward shift of the O—O RDF. On the other
hand, when the negative hydration occurs as in case of C1—,
the equilibrium of water structure shifts toward that with less
“tetrahedral” coordination, which is denser than the ice-like
structure. The phenomenon is analogous to the heat per-
turbation which causes the maximum density at 4 °C. The
combination of the shift in the first peak of the O—O correla-
tion and the sign of the change in the first peak of the O-H
correlation as well as the second peak of the O—O correlation
characterizes the modification of the solvent structure around
ions.

It is interesting to see from such a viewpoint how the
water—water correlation function is modified around a hy-
drophobic solute. In Fig. 3, we plotted such correlation
functions for methane as the solute. The first peak of the
O-H correlation increases around the hydrophobic solute in-
dicating that the hydrogen-bond is strengthened. On the other
hand, the first peak of the O—O correlation function shifts in-
ward, indicating that the water density is increased around
the solute. This observation implies that the water structure
is in fact increased around the nonpolar solute, as has been
widely accepted. However, the modified structure is not ice-
like but some structure which has higher density than that
characteristic of the tetrahedral coordination. Those changes
in the pair correlation function due to the ion perturbations
are summarized in Table 2. It can be readily seen that the
classical models of ion hydration are well characterized in
terms of the ion perturbation to the pair correlation function
of water.

Bull. Chem. Soc. Jpn., 71, No. 7 (1998) 1487

@

|

g
- &
e

k: ———
0.5 / i
0 \~ - - saer I ITNAERIIIINN
4)‘50 1 2 3 4 5 6 7 8
r[A]
(b)

25

15

0]
\\

05 J // |

05
0

r[A]

Fig. 3. Solvent radial distribution functions and their deriva-
tives with respect to the density of methane; (a) goo (solid
line) and its density derivative (dashed line); (b) gon (solid
line) and its density derivative (dashed line).

Table 2. Characteristics of Ion Perturbation to Water Structure

Positive Negative ~ Hydrophobic
hydration  hydration  hydration
O-O First peak — — +
0-0 Second peak - — -
O-H First peak - — +

a) — outward shift, b) <« inward shift,
d) — peak decreases.

c) + peak increases,

3. Electronic Structure of Solvated Molecules and
Chemical Equilibrium

Chemical reactions are undoubtedly the most important
issue in theoretical chemistry, in them the electronic struc-
ture plays an essential role. As long as molecules in the gas
phase are dealt with, the theory for the electronic structure
has been enjoying great success. However, when it comes to
molecules in solution, the stage of theory is still that of an in-
fant. Since it is impossible to solve the Schrodinger equation
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for an entire system including about 10?* solvent molecules,
the most promising approach so far is some type of hybrid
between the classical solvent and quantum solute. Roughly
three types of hybrid approaches have appeared depending
on how to treat the solvent degrees of freedom: molecular
simulations, continuum models, and the integral equations.
The continuum models employ the electrostatic theory in or-
der to evaluate the reaction field exerted on the solute from
the continuum dielectrics regarded as a solvent.” A variety of
different methodologies including Onsager’s reaction field,
Born’s model® and the image charge models*” have been
implemented for the reaction field. An obvious advantage of
the method is its handiness, and a disadvantage is an artifact
introduced at the boundary between solute and solvent. The
molecular simulation techniques do not suffered from such
an artifact. However, they have their own disadvantages, the
obvious one being computational load added to the already
heavy calculation of the electronic structure. The integral
equation method is free from such disadvantages, and gives
a microscopic picture for the solvent effect on the electronic
structure of a molecule within a reasonable amount of com-
putation time.*>*¥

Defining the energy of a molecule by the sum of the elec-
tronic energy, { W|H| &), and nuclear repulsion energy, Eqyc,

Egolue = <W|H| ’II) +Enuc, (17)

where the total wave function | ) is represented by a Slater
determinant of molecular orbitals, {9}, we can derive the
Fock operator for an isolated molecule in gas phase from the
variational principle,

6 (Esolue — [orthonomality constraints for {4;}]) =0. (18)

Similarly, the Fock operator for a solute molecule in solvent
can be derived in the same manner as in gas phase from a
variational principle,*

(A — [orthonomality constraints for {4;}]) =0, 19)
where A is the Helmholtz free energy defined by
A=Egue+ A/,l . (20)

In Eq. 20, Esote and Au are the energy of solute under sol-
vent influence defined by Eq. 17 and the solvation free energy
defined by Eq. 14, respectively. The Fock operator with sol-
vent effect derives naturally from the variational procedure
to read:

F=F—Y"V;b, : 1)

Aeu

where the first term is the Fock operator for an isolated
molecule, and the second term represents the solvent ef-
fect. In the second term, b, is a population operator of
solute atoms and the V; represents the potential of the elec-
trostatic reaction field at solute atom A produced by solvent
molecules. The potential of the reaction field takes a micro-
scopic expression in terms of the site-site radial distribution
functions between solute and solvent.
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View=p> / T e, (DA, @)
aev/0 r

where a and A specify solvent and solute sites, respectively,

and p denotes the solvent density. The site-site radial distri-

bution functions g,,(7) can be calculated from the extended

RISM equations, Egs. 10 to 12.

The statistical solvent distribution (g;,) around the solute
is determined by the electronic structure (&) or the partial
charges of the solute, while the electronic structure of the
solute is influenced by the solvent distribution. Therefore,
the Hartree—Fock equation and the RISM equation should
be solved in a self-consistent manner. It is this self-consis-
tent determination of the solute electronic structure and the
solvent distribution that the RISM-SCF procedure features.

One of the concerns which are common to this type of
hybrid approaches is an error associated with determination
of charge distribution. Since electrons have only the prob-
ability distribution at certain position in a molecule and the
RISM calculation requires the delta-function-like distribu-
tion at a site, it is necessary to translate the continuous prob-
ability distribution to partial charges at discrete positions.
The Mulliken population analysis which have been widely
employed in earlier work is notorious for giving a wrong es-
timate of electrostatic field around the molecule. The partial
charges in the RISM-SCF procedure are determined in such
way that the electrostatic potential produced by the partial
charges at grid points around the solute molecule best agree
with that calculated from the wave functions in a sense of
the least square fitting (LSF). It has been observed from the
few applications performed so far that the LSF procedure
gives a reasonably good estimate for charge distribution. An
example of estimated charge distribution is shown in Table 3
in terms of dipole moments. The method has been success-
fully applied to several problems in which solvent effects
on the electronic structure play a significant role; such ap-
plications include the solvato-chromism of formaldehyde,*?
the coupled substitution and solvent effects on basicity and

Table 3. Dipole Moments of Methylamines and Protonated
Methylamines (in Debye Unit)®

In gas phase In aqueous solution
Species ~ DMI” DPC®  Exp.? DMI DPC
NH3 1.82 1.86 1.47 2.57 2.60
(CH3)NH, 147 137 1.24o0r1.35 2.02 1.92
(CH:;;NH 111 122 1.03 1.96 2.08
(CH3)3N 074 0.88 0.67 1.60 1.78
NH; 0.00 0.00 0.00 0.01
(CH;)NH; 223 2.18 2.65 2.59
(CH3),NH; 1.50 148 1.95 1.92
(CH3)sNH* 0.87 0.90 1.27 1.30

a) Dipole moments of protonated methylamines are calculated
with respect to center of Mass. b) Dipole moment calculated
from the wave function through molecular integral. c¢) Dipole
moment calculated from the partial charges. d) Experimental
data in gas phase. (R.C. Weast et al.,” CRC Handbook of Chem-
istry and Physics,” CRC Press, Inc. Florida (1989)).



F. Hirata

acidity,** the ab initio determination of electronic and lig-
uid structure of water,*® and temperature dependence of the
auto-ionization coefficient of water.*” Among those applica-
tions, I briefly review a study on the classical problem of the
substitution effect on the basicity of the methylamines.*¥

It is experimentally well known that the basicity of
the methylamines increases monotonically with successive
methy! substitutions in the gas phase, and that the order re-
verses at the trimethylamine in aqueous environment.*® The
monotonic increase of the basicity in the gas phase has been
explained in terms of the “negative induction” or the po-
larization effect* due to the methyl groups.”®*V There are
essentially two important factors to be considered as the sol-
vent effect on the proton affinity; the solvation free energy
and the energy change associated with the electron reorga-
nization upon solvation. The solvation free energy in turn
consists of the solute—solvent interaction energy and the free
energy change associated with the solvent reorganization.
Employing the thermodynamic cycle depicted in Fig. 4, the
free energy changes associated with the protonation of the
methylamines relative to those of ammonia are calculated
and plotted in Fig. 5 against the increasing number of the
methyl groups. The contribution AAG54, (solute) from so-
lute itself exhibits similar monotonic behavior with the gas

H +
i
Ry A\ R; + Ht ———>» RI‘I}T' R;
In gas phase R, R,
Gne Gys AGE Gyt
AGNSOIVl l AGHsolv l AGNHsolv
H +
]
RrN-R; + H+ > RrN-R,
In solution !
R, R,
GNS GHS AGS GNHS

Fig. 4. The thermodynamic cycle with respect to the protona-
tion of methylamines in gas phase and in aqueous solution.
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Fig. 5. Free energy changes upon protonation referred to
NH3: v/, AAGS,; ¥, AAG5g (solute); A, AAGSg
(solvent); ®, AAG53; O, experimental data.
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phase result AAG5os which is in good agreement with the
experiments. The difference between AAGSy; (solute) and
AAGS, is due essentially to the electron reorganization en-
ergy. The solvation free energy AAG5qg (solvent) shows the
monotonic increase with the successive methyl substitution.
The sum of the two contributions produces the inversion in
the overall free energy change AAG3qg, which is in qualita-
tive accord with the experimental result.

4. Solvation of Biomolecules

One of the most promising applications to which the ex-
tended RISM theory can make potentially important contri-
butions is the solvation of biomolecules. For biomolecules
such as protein, it is a final goal for biochemistry to explore
the relation between their conformations and biological func-
tions. The first important step toward the goal would be to
explain the conformational stability of biomolecules in terms
of the microscopic structure of the molecules in solvent. It
is an extremely difficult problem by any means due to the
overwhelmingly large degrees of freedom to be handled, in-
cluding protein and solvent. As for the small and/or short-
time fluctuations of protein around the native structure, a va-
riety of molecular simulation techniques provide quite pow-
erful tools to explore the microscopic structure of protein
and solvent.”® However, the techniques may not be applied
straightforwardly to a process in which large conformational
fluctuation of biomolecules is concerned. The most well-re-
garded process in such cases is the so called “protein folding™;
namely, a protein in a denatured state folds into its native con-
formation by changing the thermodynamic conditions such as
temperature and ionic strength of the solution.>® The process
was first demonstrated unambiguously by Anfinsen; it sug-
gests strongly that the primary structure or the amino-acid
sequence contains sufficient information for a protein to fold
into its unique native conformation.>®

There are two well documented difficulties in the protein
folding. One of those concerns the multi-minima nature of
the energy surface of proteins, which prevents a molecular
simulation from sampling large conformation space of the
molecule due to “trapping” in a local minimum.>> The prob-
lem has been solved essentially by recent developments in
a variety of sampling methods based on generalized ensem-
bles in the Monte-Carlo simulation.>>—® However, the final
goal of protein folding may not be achieved unless the other
important problem is solved, which is concerned with the
solvent.>® A protein may fold into “some” conformation with
an overlysimplified solvent model, or even without any sol-
vent. However, if the “protein folding” is defined as a process
to make a “unique” native conformation, such methods with
over-simplified solvent models will never attain the success-
ful goal. What determines the unique conformation of native
protein is the chemical specificity of each of twenty amino-
acids. But, this is not the whole story. The solvent, water, is
as specific in chemical nature as amino acids. Therefore, it
should be considered that the unique conformation of native
protein is made by a cooperative interaction of those speci-
ficities in protein and solvent. From such considerations,
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the solvent model for protein folding should satisfy two re-
quirements. Firstly, the calculation of solvation free energy
should be reasonably fast so that a computer can sample a -
wide range of the free energy surface to find the native con-
formation. Secondly, the solvent—solvent and solute—solvent
interactions should properly account for chemical specifici-
ties of peptides and water such as hydrogen-bonds so that the
uniqueness of native conformation is not sacrificed. Molecu-
lar simulations with explicit solvent molecules fail to satisfy
the first requirement.*” Methods with over-simplified solvent
models such as so called minimum model and the continuum
dielectric model do not meet the second requirement.!%5?
Successful methods which satisfy both requirements should
be those in which the solvent degrees of freedom are coarse-
grained by means of the statistical mechanics with proper ac-
count of the chemical specificity of solvent molecules. The
RISM theory can undoubtedly be one of such methods which
meet both requirements.

‘We have recently started to explore the possibility of apply-
ing the RISM theory to the protein folding.5"? The method
consists of two theoretical ingredients. One is the Monte-
Carlo algorithms based on the generalized ensembles, which
enable us to sample a wide range of conformational space of

(®)

@
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protein without being trapped in local minima.>’*® The other
is the RISM theory to calculate the solvation free energy.
The free energy surface F({M?}) of protein can be expressed
by

F{{M}) = Ecore({M}) + Au({M}), (23)

where {M} represents a conformation of protein, and
Econt({M}) and Au({M}) respectively denotes the potential
energy of protein in vacuum and the solvation free energy.
As a preliminary step toward the protein folding, we have
carried out the Monte-Carlo simulation for Met-enkephaline
in various environments including vacuum, water, and non-
polar solvent. A key to the success of the simulation was to
develop arapid and stable algorithm to solve the RISM equa-
tion, since the typical simulation requires a large number of
MC steps, each of which includes recalculation of the solva-
tion free energy. The algorithm developed by Kinoshita et
al.%*® was implemented to solve the RISM equation, which
made the calculation faster by more than a hundred times
compared to the standard Picard algorithm. The simulated
annealing was employed for the Monte-Carlo sampling. The
four conformations depicted in Fig. 6 were taken as the ini-
tial guess, which are respectively: (i) the conformation in
the global energy minimum in vacuum, which is relatively

Fig. 6.
2, (c) conformation 3, (d) conformation 4.

Initial conformations of Met-enkephalin in the coupled RISM-Monte-Carlo simulation: (a) conformation 1, (b) conformation
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compact due to a hydrogen-bond between H” of Tyr! side
chain and the carbonyl oxygen of Gly> backbone;***® (ii) a
conformation appeared in a course of other simulation which
features large conformational strain and low solvation free
energy; (iii) the experimentally observed conformation in the
micelle solution, in which oxygen atoms with negative partial
charges are located in one side of the molecular plane; (iv)
the experimentally observed conformation in water. The last
two conformations have been determined from the 2D NMR
experiment.Y F({M}), Econs({M}), and Au({M?}) of the four
conformations are listed in Table 4. The final conformations
obtained from the simulation in the three different environ-
ments are exhibited in Fig. 7 as superpositions of the few
structures with the lowest energies. The theoretical result
obtained in water looks almost identical with the correspond-
ing experimental conformations shown in Fig. 2 in Ref. 65,

Table 4.  Solvation Free Energies (Au), Conformational
Energies (Econr) and Total Energies (F=Ag +Econr) (Unit
in keal mol ")

Conf. A‘M Econt F
1 196.8 —12.0 184.8
2 178.0 12.2 190.2
3 202.7 —2.5 200.2
4 176.8 0.8 177.6
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which is markedly different from neither of the results in
the two other environments. Our observation suggests that a
proper account of specificity of solvent is crucial in examin-
ing the conformational stability of protein.

The results, however, were not surprising for us, since we
knew from the preceding study that the minimum energy
conformation in vacuum is unstable in water due to the in-
tramolecular hydrogen bond between H” of Tyr! side chain
and the carbonyl oxygen of Gly®> backbone, and that the
experimentally observed conformation in water is most sta-
ble among the four conformations listed above (Table 4).5
What surprised us is the number of Monte-Carlo steps to be
required for converging to the final conformations. The num-
ber of Monte-Carlo steps for the convergence in water was
one to two orders less than that in the other environments. It
appears as if water discriminately discards structures which
are unfavored by itself. Plotted in Fig. 8 are the solvation free
energies of the four conformations in water and in the non-
polar solvent. The difference in the free energies among the .
conformations is much greater in water than in the non-polar
solvent. Moreover, the behavior is not changed when all the
partial charges of peptide atoms are removed, which indi-
cates that the discriminative behavior is due to the change in
the reorganization free energy of water induced by the solute
conformational change. If the finding has any general signif-

(b}

Fig. 7. Superposition of the lowest energy conformations of Met-enkephalin obtained from the simulation in various conditions: (a)
in gas phase, (b) in Lennard—Jones fluid, (c) in aqueous solution. The conformations obtained from the NMR experiment are also

exhibited for comparison.
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Fig. 8.  Solvation free energies of the four conformations

(Fig. 6) of Met-enkephalin with and without atomic charges
in various environments: <, Met-enkephalin with atomic
charges in water; [J, Met-enkephalin without atomic
charges in water; X, Met-enkephalin in Lennard-Jones fluid;
O, Met-enkephalin in fluid interacting with simple repulsive
potential.

icance, we might have touched another important question in
protein folding known as the Levinthal paradox, a paradox
which has puzzled people in the protein community for a long
time.% A rough estimation of time required for a protein to
fold into its native conformation, based on the number of
degrees of freedom in the molecule, is astronomically large,
while an actual protein finds its native conformation within
a few seconds to a few hours. Although it is highly specula-
tive at the moment, the folding path way of protein may be
guided by the discriminative nature of water.

5. Non-equilibrium Solvation Processes in Molecular
Liquids

The solvation described so far based on the extended
RISM theory involves static or equilibrium properties which
are associated with the spatial density fluctuation of sol-
vent molecules around a solute. The latest development in
the experimental techniques including the high resolution
NMR, and a variety of techniques in the time-resolved laser-
spectroscopies, have revealed the molecular nature of the
solvent dynamics around solute or the solvation dynamics,
which refute any naive interpretation based on the continuum
models.!!? A microscopic or statistical-mechanical descrip-
tion for the solvation dynamics requires the formulation of
temporal as well as spatial fluctuations of solvent density
around solute. A general recipe to such a problem is to use
the generalized Langenvin equation (GLE).*” The GLE in
principle gives the dynamics of a system in any resolution
in space and time depending on the level of projection or
coarse graining in the phase space. However, its actual use-
fulness for a problem is largely determined by a choice of
dynamic variables onto which other degrees of freedom are
projected. Two fundamental requirements to be considered
for the choice of the dynamic variables are tractability and
maximum resolution in space and time: The equation should
describe the dynamics as detailed as possible in space and
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time, and yet the equation should be tractable with available
theoretical tools. Much attention has been paid in the past
to the time resolution, i.e., Markovian or Non-Markovian, in
the development of the GLE theory, but not so much to the
spatial description. However, the importance of the detail-
ness of the spatial description will probably increase as the
dynamics becomes faster, since the mechanical coherence
would become important in the short time evolution from an
equilibrium state. It is the density—density pair correlation
functions which retain the microscopic nature of the system
and yet are tractable within the current development in the
statistical-mechanical theory of liquids. A natural choice
of the dynamic variables which leads to the density—density
pair correlation function as an important ingredient in the
dynamical equations is a set of the collective density field
and its conjugate momentum density field. Such a choice
leads to a Smoluchowsky—Vlasov type diffusion equation in
the overdamped limit.%%

As to the model for molecular diffusion in polar lig-
uids, there are two quite different points of view. One is
the conventional rot-translational model”®~"» and the other
the interaction-site description which sees the diffusion of
a molecule as a correlated motion of each atom (site).”>*>
The interaction-site description of liquid dynamics can be
realized by coupling the RISM equation with the general-
ized Langevin equation for the site—site density correlation
functions. The theories have been successfully applied to cal-
culate the space-time correlation functions of water, and to
describe the dynamic Stokes shiftin a variety of solvents.””>
A remarkable feature of such treatments is an ability to
discriminate solvent dynamics according to their chemical
specificities reflected in the Hamiltonian. The best example
of such discrimination is the two and three step relaxations
exhibited in the solvation dynamics of water and methanol,
respectively, which were obtained using the same diffusion
constant for the solvent.™

It is clearly advantageous to use the site—site description
compared to the rot-translational model to account for chem-
ical characteristics of solvent as well as solute dynamics.
However, the site—site description has its own disadvantage
in interpreting physical meaning of the results, since it does
not give an explicit picture for the rotational relaxation of
molecules, which can be directly probed by many experi-
mental means including the dielectric and NMR relaxations.
Chong and Hirata solved the problem by extracting collective
modes of the density fluctuation from the site-site density
correlation functions.”

5.1. Liquid Dynamics Viewed as a Collective Density
Fluctuation. Let the density field, pq(r,6)= > 0(r—

rf (1)), and the longitudinal current density, j,(r,?) =lZ Ve,
X (r—r{ (1), be the dynamic variables, which are rele{ted to
each other by the continuity equation,

pa(r,0) = —Vju(r,1). 24)

The site—site density correlation function in the Fourier k-
space at time ¢ is defined by
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Fopk,1) = (8pa(k, 1) dpp (k,0), (25)

ker@(s) - . .
where p a(k,t):Zje’k "t s the spatial Fourier transform of
the density fluctuation of atom a,

Opa(r,t) = pa(r,H) — pa- (26)
The generalized Langevin equation for F(k,f) is written as

Fk, 1) + () F(k, 1) + / tdrKL(k,t — DF(k, 1) =0, 27
0

where (w?) denotes the normalized nth frequency moment
matrix of S(k,w) defined by the relations,

Sk, w) = / = dre’® F(k, 1) (28)
o = % /_o:o dow"Sk, w), 29)
(0) = OFS(k, 00" (30)

If the damping term is absent, the equation is formally iden-
tical to that of the harmonic oscillators, G+ w?g =0. The
eigenmodes of the collective density fluctuation, which can
be obtained by diagonalizing the matrix (®?), are identi-
fied as acoustic and optical modes of the fluctuation. The
eigenfrequencies obtained by diagonalizing (w?) for a sys-
tem of diatomic molecules is plotted against the wave vector
k in Fig. 9(a). The diatomic molecule A-B is characterized
by masses, ma =36 gmol~!, mg =4 gmol~!; bond length,
Iag=2.04; partial charges, ga = —0.25¢, gg =+0.25¢; dipole
moment, 2.4 D; and L~J parameters: 0,=4.0 A, o =2.0,
eap=200 K, egg=100 K. The dispersion relation corre-
sponding to the accoustic mode shows the behavior typical
of the monatomic liquid, while that of the other mode does
not vanish in the k—0; to this fact the term “optical” is
attributed. The eigenvectors which diagonalize the matrix
(w?) are a linear combination of the atomic density fluctua-
tion x4 (k) Op o (k)+xp (k) Spg (k), where xa (k) and xp (k) denote
the contribution of each atom to the modes, which depends on
the atomic masses and the bond length of a molecule. Plotted
in Fig. 9 (b) and (c) are the contributions of each atom to the
acoustic and optical modes, respectively. The acoustic mode
* is dominated by the heavier atom (A) except for the region
of long wavelength, where both atoms contribute equally for
obvious reasons. On the other hand, the optical mode is
governed by the lighter atom (B) over the entire wavelength
range, because rotational motion of a molecule is dominated
by the motion of the lighter atom which is located further
distant from the center of mass, and because the motion is
limited in a small region. In the k—0 limit, the eigen fre-
quencies of those modes for a system of diatomic molecules
become in the non-damping limit,

2 _ kT 5
Ok = 0) = i K, 31
and 4kgT
Wik — 0) ® (32)

T3 k=0)E,’
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Fig. 9. Eigenfrequencies as evaluated by diagonalizing
{(w?). Solid and dashed lines give the eigenfrequencies of
the acoustic and optical modes, respectively. (b) xa (solid
line) and xg (dashed line) defined in the text corresponding
to the acoustic mode. (c) xa (solid line) and xg (dashed line)
defined in the text corresponding to the optical mode. xa
and xg are normalized such that xX +x3 = 1.

respectively, where M, I, and l,p are the total mass, the
moment of inertia, and the bond length of the molecule,
respectively. y(k=0) and y”(k=0) denote the zero-th
and second moment of the density—density correlation func-
tion, x(r,r)=(Sp,(r,t)0pp(r',0)). The 2, (k—0) coinsides
with that of the ordinary sound modes propagating with the
sound velocity (KsT/My(k = 0))!/2 and wave vector k.””
(Remember y (k = 0) is related to the compressibility, and the
sound velocity has a simple relation with the compressibil-
ity.) The fact that the expressions include the total mass of
a molecule suggests the mode is related to the translational
motion of molecules. On the other hand, @g,;(k—0) con-
tains the moment of inertia and the bond length, indicating
that the quantity is associated with the rotational motions of
molecules. The quantity is also related to the dielectric prop-
erty of liquids, since y"(0) is associated with the dielectric
constant.’s" .

As will be demonstrated later, it is more appropriate to use
a slightly different basis set from that described above; these
are SpN(r,1) = Spa(r,1)+Opg(r,1) and Spy(r,1) = Spa(r,1)—
Opg(r,1). The basis set represents essentially the total num-
ber density and the charge density fluctuations, respectively.
The number density correlation function in the Fourier k-
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space, Fan(k,?) = (Spn(k,0)xSpn(k,1)), which is calculated
by assuming a simple exponential decay for the friction ker-
nel, and the charge density correlation functions defined by
Fzz(k,t) = (Opz(k,0)* Spy(k,)) are shown in Fig. 10 for small
k. The time constant matrix of the exponential decay was
determined by requiring that the resultant S(k, w = 0) coin-
cides with S9(k, @ = 0) in the k— oo limit, where SC(k,w) is
the Fourier time-transform of the density—density correlation
function in the Gaussian Approximation. The corresponding
longitudinal current spectra, defined as

2

w ®

Calh, @) = 7 / & Fani(k, 1), 33)
@ [ it

Cako)=T [~ Fatkn, 69

which give the spectra of the collective excitation in liquids,
are plotted in Fig. 11. Cynn(k,@) for small k(k = 0.1) is
dominated by the peak located around w~2ps~", which can
be identified as the acoustic mode giving a slow and mono-
tonic decay in Fnn(k,f). On the other hand, Cp nn(k,@) has
a single peak around w~21ps~!, which can be assigned as
the optical mode giving a fast and oscillatory behavior in
CLzz(k,m).

As we have seen, a clear physical picture can be attached
to the site—site description of liquid dynamics through the
eigenmode analysis of the collective density fluctuations.
Nonequilibirum solvation can be described from the same
physical viewpoint, which is of special interest in the chem-
istry in solution. In what follows, an application to the clas-
sical problem of ion mobility in polar solvent is explained.

5.2. Dynamics of Solvated Ion in Polar Liquids. An
ion in polar liquids is under continuous Brownian motion,
and the frictional force exerted on the Brownian particle is
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Fig. 10.  Normalized Fnn(k,t) (solid lines) and Fzz(k,r)
(dashed lines) at the indicated k (in A™!) values.
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proportional to its velocity. The proportional constant, or the
friction coefficient, has been a focus of intensive research for
almost a hundred years in both experimental and theoretical
studies.®*—#8) According to the simple Stokes law, based on
the hydrodynamic theory, the friction should increase propor-
tionally with ionic radii.” However, the experimental obser-
vations for small ions such as alkai-halide ions in water show
a dependency on ion size, which is just opposite to Stokes’
law. Concerning origins of the peculiar behavior, two models
have been proposed and have coexisted for a long time; these
attribute quite different physics to the solvent response to the
solute perturbation. The first model maintains the classical
view of the Stokes law, but with an “effective” ionic radius,
or the Stokes radius, originating from “solvation”. In that
model, solvent molecules are regarded as firmly bound by
the ion, and radius of the solvated ion plays a role of the
Stokes radius. The Stokes radius decreases with increasing
ionic radius, since the ion-solvent interaction is weakened
due to the increased distance. The solvated-ion model has
been successful to explain many physico-chemical processes
in solutions. The other model for the ionic friction concerns
the dielectric response of solvent to the solute perturbation.
‘When an jon is fixed in a polar solvent, the solvent is po-
larized due to the electrostatic field of the ion. If the ion
is displaced, the solvent polarization is not in equilibrium
with the new position of the ion, and the relaxation of the
polarization should take place in the solvent. The energy
dissipation associated with the relaxation process may be
identified as friction. The friction decreases with increasing
ionic radius, and so, with decreasing electrostatic field of
ions. The model developed by Bomn, Boyd, and Zwanzig
has taken a complete theoretical form due to the work by
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Hubbard and Onsager by solving an electro-hydrodynamic
equation in which the electrostatic as well as hydrodynamic
strains are incorporated.*—% As far as qualitative aspects of
the ion-size dependence of the friction are concerned, which
has a minimum with increasing ionic radius, both models
stated above explain the experimental observations equally
well. Then, one may ask “which model is more faithful to
the real physics of the ion friction?” and/or “how do the two
effects interplay if both are co-existing?” For instance, use
of the same parameter for the effective ion-radius will not be
justified since increase in the effective radius should give rise
to increase in the Stokes friction but decrease in the dielectric
friction. The question should be answered by microscopic
theory of solvent fluctuations, not by treatment based on the
continuum models.

Here, we address the problem from the response of col-
lective density fluctuations in solvent, described above, to
the ionic field.*” Since the Stokes and dielectric frictions
originate basically from the energy dissipation due to the
translational and rotational motions, respectively, of solvent,
itis reasonable to ask how the ionic field couples with the col-
lective density fluctuations, and/or how the two drag forces
are related to the two collective modes. Since the rotational
and translational motions of molecules are inherently cou-
pled with each other in our atom-based description of solvent
dynamics, the theory is free from artifacts associated with the
decoupling of those motions, which is inevitable in the earlier
theories based on the explicit orientational coordinates.

Exploiting the standard fluctuation dissipation relations
developed by Einstein—-Green—Kubo with a mode coupling
approximation for a memory kernel in the GLE equation,
the friction on an ion exerted from solvent molecules can be
expressed as

pkB T
6712

=

> /0 “ar /0 = k¢, (K)cup (K)F ok, DF 3, (k, 1), (35)
Au

where F,(k,t) is the site—site (intermediate) dynamic struc-
ture factor of solvent defined in Eq. 25, and F,(k.f) is the
solute dynamic structure factor for which we invoke the dif-
fusion approximation defined by

F,(k,1) = exp [-Dk*1], (36)
with the fluctuation dissipation relation,
D=ksT/C. (37)

The friction constant £ can be obtained as a self-consistent
solution of Egs. 35, 36, and 37, which is plotted against
the Lennard—Jones radii in Fig. 12. The calculated friction
constant has a minimum at a certain ionic radius, which is
the general behavior expected from either of the two classical
models for the ionic friction mentioned above.

The physical origin of the minimum can be examined
in terms of the solute-solvent interactions coupled with the
collective density fluctuation in solvent. Changing the dy-
namic variables from the solvent-atom density Sp, (k,f) and
Opg (k.?) to its linear combination, dpy(k,) = pa(k,t)+pg(k,r)
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and pz(k,t) = pa(k,r)—pg(k,?), as has been explained above,
the friction constant in Eq. 35 is naturally decoupled into
three contributions:

§=bw+20wz+ bzz, (38)

where {xn. {7z, and 20yz respectively represent the short
range solute—solvent interaction coupled with the acoustic
solvent mode, the long range coulomb interaction with the
optical modes, and their cross term. As has been explained
above, the acoustic and optical modes represent translational
and rotational fluctuation of solvent density; thereby it is
natural to associate {yn to the Stokes friction and &7z to
the dielectric friction. The three contributions {yy, &7z, and
2{nz are plotted in Fig. 12; they are represented respectively
by the dashed, dash-dotted, and dotted lines. The dielectric
friction {zz decreases monotonically with increasing ionic
radius. The behavior can be readily interpreted in terms of
the electrostic field of the ion, which reduces with increasing
ion radius. On the other hand, {xn shows rather unexpected
behavior in the region of small ionic radius: The friction
decreases with increasing ion radius. The unusual behavior
can be explained if the short-range interaction between the
small ion and solvent molecules is strong enough to make
a “solventberg” of which size or life time decreases with
increasing the ionic radius. A question may be raised if
such a molecular complex can be made only by a short-range
interaction. It should be noted that the short-range interaction
included in Eq. 35 is not just a bare Lennard—Jones interaction
but a renormalized interaction —kTc,,(r) which implicitely
includes many body effects due to solvent. Shown in Fig. 13
is the solute-size dependence of the short range part of the
direct correlation functions. In the figure, CUi represents an
ion with radius i A. As can be seen, —kTen(r) has a quite
deep minimum at short ion-solvent separation when the ion
size is small (CU1). If the increased Stokes friction for small
ion radii is caused by the formation of a solventberg, the
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small ions should show different temperature dependence
from ions with large radii due to thermal disrupture of the
molecular complex. In fact, the ion with the least ionic radius
has shown unusually large temperature dependence.®”

The decoupling in Eq. 38 resembles, in its appearence
as well as in its spirit, that made in the seminal work by
Wolynes®® and later made by Bagchi.®® The new approach,
however, should be distinguished from the earlier theories
in terms of the level of microscopic description, especially
with respect to the structure and dynamics of solvent.

6. Future Prospect

In the present section, the author will try to give some
_prospective views on the theoretical description of solvation
due to the extended RISM theory.

Before doing so, the author wishes to express his opin-
ion on a general question which has often been raised with
respect to the importance of the integral equation methods
in the liquid state theory. Why does one use the integral
equation method to solve the problems when the molecular
simulation can replace it in many cases? We can answer
the question in two way: one technical and the other more
fundamental. Due to the level of complication which char-
acterizes the problems in chemistry, solutions to statistical-
mechanical equations are numerical in most of the cases. In
that sense, statistical-mechanical equations apparently do not
do any better than molecular simulations. However, there are
problems in which the molecular simulation fails to give an
answer to a question within a reasonable amount of com-
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Fig. 13. The effective potential as defined in the text for
solutes CU1 to CU4, calculated by the extended RISM
equation: Solid lines, un(r)=—kgTcn(r); dashed lines, con-
tribution from the short range part of c,a(r); dotted lines,
contributions from the short range part of c,5(r).
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putational resources currently available. A typical example
of such questions is the protein folding based on the first
principles. For such cases, the difference between the statis-
tical-mechanical theory and the molecular simulations is not
just technical but essential. There is an even more funda-
mental reason to develop the statistical mechanical theories
in the chemical processes in solution. Let us explain this
point by taking just one example from the solution chem-
istry. One of the most important findings in the solution
chemistry is the so called “square root law” which appears
in many of equilibrium and non-equilibrium properties in
electrolyte solutions in their concentration dependence: the
asymptotic concentration dependence in the lim C—0 is pro-
portional to C'/2, not to C. As has been clarified by the
statistical mechanics of solutions, the limiting behavior is in-
timately related to the multi-body screening of the Coulomb
interaction among charged species. In the typical electrolyte
solutions, the Coulomb interaction between a pair of ions
asymptotically behaves as e™*/er, that is, the Coulomb in-
teraction is screened by an exponential factor e~*, where
x is the Debye screening factor, »>=(4nf3 /€)> g?c;. The
square root dependence of the screening constant upon con-
centrations appearing in the equation is the physical origin
of the limiting law. The exponential screening behavior is
obtained mathematically from the integral equation theory
as a renormalization of the coulomb interactions. That is,
the physically realized phenomenon of screening has a clear
“mathematical” interpretation based on the statistical me-
chanical theory. Although the molecular simulation may
reproduce the exponential behavior of screening in any pre-
cision, it will never answer the question why it should be
exponential, why it should produce the special concentration
dependence for many observable quantities.

Three important fields in the chemical physics are among
the prospects of the extended RISM approach: (1) chemical
reaction in solution, (2) biophysical chemistry, (3) solvation
dynamics.

There are two aspects in the chemical reaction: the re-
activity or chemical equilibrium and the reaction rate. The
reactivity of molecules is a synonym of the free energy differ-
ence between reactant and product. Most important factors
for the reactivity are the changes in the electronic structure
and the solvation free energy as long as relatively small
molecules are concerned. Those quantities can be evaluated
by the coupled quantum and the extended RISM equations;
we have seen an example of this in Section 3. The explo-
ration of the reaction dynamics is much more demanding.
The reaction dynamics in solutions has two elements to be
considered. One of those is the determination of reaction
path, the other the time evolution along the reaction path.
The reaction path can be determined most naively by calcu-
lating the free energy map of reacting species. The RISM-
SCF procedure can be employed for such calculations. If
the rate-determining step of the reaction is an equilibrium
between the reactant and the transition state, the reaction rate
can be determined from the free energy difference of the two
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states based on the transition state theory. On the other hand,
for such a reaction in which dynamics of solvent reorgani-
zation determines the reaction rate, the time evolution along
the reaction path may be described by a coupled RISM and
GLE described in the previous sections with the same spirit
as the Kramers theory.” Solvent effects on the reactivity and
reaction dynamics in organic chemistry are among important
applications of such an approach.

Biophysical chemistry is one of the most important fields
where the solution chemistry can play a crucial role, since
structure and functions of all biomolecules are intimately
related to the structure of solvent water. Especially for the
tertiary structure of protein, water is essential for determin-
ing not only its stability but possibly the rate of folding. In
this particular problem, the extended RISM approach is es-
pecially superior to the other theories of liquid state, since the
approach can take account of the specificity of the molecule
in atomic level. In an embryo form, such a calculation has
been tried, as shown in Section 3, concerning the confor-
mation of a small peptide in water. Although it requires
an enormous amount of computation time, it is encouraging
that the equation could be actually solved to give reasonable
structural and energetic information for a system with such
a large number of interaction sites. It is very likely that the
method can be applied to more realistic models of proteins in
aqueous solution including electrolytes. The susceptibility
of protein stability to the change in thermodynamic variables
such as temperature and pressure is among immediate tar-
gets for the theory. A key to the successful determination of
the tertiary structure of protein in solution will be stable and
quick algorithms to solve the equation.

There are many physicochemical processes which are
closely related to relaxation processes in liquids, such as
the ion transport, the dynamic Stokes shift, and the con-
formational transition of a molecule in solution. A general
concern in modern experimental studies of such phenomena
is to analyze the processes in molecular detail or in the level
of Hamiltonian. In other words, a theory to describe such
phenomena should be able to discriminate chemical speci-
ficities of solvent as well as solute on the molecular level.
As has been mentioned in the Introduction section, some of
recent experimental observations have claimed the necessity
of such treatment by demonstrating a breakdown of the con-
tinuum model. Nakahara and co-workers have shown that
the rotational dynamics of a solute in a variety of solvents
does not correlate with the viscosity of the solvent but rather
with the solute—solvent interaction.'” Terazima and his co-
workers have found that the diffusion constant of a radical
species is roughly a half of that of its parent molecule, which
are about the same size.'® Okada and co-workers observed
a clear dicrepancy between the dynamic Stokes shift and the
dynamics of the line width.*® It is very likely that the RISM
theory coupled with GLE can give a reasonable account for
such phenomena in molecular detail. The slow dynamics in
the glass state and the conformational change (isomerization)
of a molecule with large degrees of freedom, such as protein,
will become targets of the theory in the near future.
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