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Abstract. The state-of-the-art theory of solvation in polar liquids
is considered. The main molecular models and protocols for the
calculation of solvation are presented. The protocols based on
advanced electrostatic models of solvation, the use of correlation
functions found by solving the integral equations of statistical
physics and the numerical modelling of solvation processes using
Monte Carlo and molecular dynamics methods are described.
Attention is focused on the application of the above models to the
thermodynamics of the solvation of ions and hydrophobic and
polar molecules. Peculiarities of the modelling of processes related
to solvation such as electron transfer, conformational and tauto-
meric equilibria, and solvatochromic shifts in the electronic
spectra of the solvated molecules are discussed. The bibliography
includes 325 references.

I. Introduction

The character of interaction of a solute with the solvent during
solvation depends on the physicochemical properties of solutions
and liquid-phase associates. Vast experimental material on the
solvation of various molecular objects has been accumulated to
date; numerous data on the effect of the solvent on the structural
and spectral parameters of the solute molecules, the kinetics and
mechanisms of chemical and biochemical reactions are docu-
mented. Suffice it to say that in only one monograph! devoted
to the solvation effects in organic chemistry, does the number of
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references exceed 2500. According to the Institute of Scientific
Information (Philadelphia, USA), more than 10 000 papers on the
topic ‘solvation’ are published annually in scientific journals.

Solvation of molecules is accompanied by various physico-
chemical processes.3 A solvation shell is formed around each
molecule. The physical properties of the solvent can substantially
change — dissociation or association of molecules can take place,
and the conformations and the electronic structures of both
solvated species and solvent species can be affected. This gives
rise to diverse specific solvation effects. On the basis of the
enormous body of experimental data, a large number of solvation
models have been constructed, which are used for interpretation
of different solvation effects.

Starting with the Born model,* theoretical studies of solvation
for one-atomic ions have long been based on the continuum model
of the medium. In recent years, considerable advances have been
made along this line related to the improvement of the existing and
development of new protocols for the calculation of solvation
effects. The general trend is to take into account the molecular
structure of the solvent. Description of the solvent at the molec-
ular level can be implemented either within the bounds of
continuum approximations, which are vivid and simple as regards
the calculations, or on the basis of a consistent statistical theory
(the method of integral equations). A special place belongs to the
numerical simulation of the solvation effects by molecular dynam-
ics (MD) or Monte Carlo (MC) techniques, which are used more
and more often as the computing machinery develops.

The improvement of the simple continuum solvation schemes
proposed previously gives rise to an hierarchy of phenomenolog-
ical approximations, intermediate between these simplest schemes
and true molecular theories of solvation. Particular applications
of the theory of solvation make use (not always critically) of the
whole range of the available methods of this theory. The purpose
of this review is to analyse and describe systematically the results
obtained using the molecular models of solvation proposed
recently.

The review can be divided conventionally into three parts that
include Sections 11—V, VI-1X and X — XII, respectively. The first
part outlines the general scheme for the calculation of solvation
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and describes the calculation of solvation processes on the basis of
upgraded continuum models and integral equations. Since volu-
minous literature on the MD and MC numerical simulation
techniques is available (see, for example, Refs 5—14), we have
not discussed here their principles and engineering implementa-
tions, but, as an exception, have touched upon the problems of
taking into account the electrostatic interactions within the frame-
work of these methods and have briefly considered the calculation
of the change in the thermodynamic functions upon solvation —
this aspect is especially important for chemical and biological
applications. The second part dealing with hydrophobic effects
provides a brief description of thermodynamic integration, which
is an efficient up-to-date algorithm of such calculations, and
considers typical objects to which various methods of solvation
theory are applied, depending on the conditions. These objects can
be represented by hydrophobic molecules, ions, polar molecules
and quantum particles (solvated electrons, bipolarons and posi-
tronium). The third part is devoted to the study of processes
related to solvation (electron transfer, conformational and tauto-
meric equilibria and solvatochromic shifts in the electronic
spectra). The prospects for using the molecular models of solva-
tion in polar liquids are considered in the Conclusion.

In order to maintain a reasonable relationship between the
coverage of information and the logics of narration, we restricted
the scope of this review to analysis of the key methods of the
solvation theory and did not dwell on detailed discussion of the
results obtained.

I1. General scheme for the calculation of solvation

The choice of the intermolecular interaction potentials plays a
crucial role in the theory of solvation. In most solvation theories,
particles of the solute !> and the solvent (both atoms and mole-
cules) are considered within the framework of classical mechanics.
The set of methods and calculation algorithms involved are often
referred to as ‘molecular mechanics’ (MM).!6-17 In this case, it is
suggested most often that these potentials can be represented as
sums of effective atom —atom pair potentials

N

UR™N) = "u(|R; - R)).
1#J

Here U(RM) is the potential energy of the solute —solvent system,
N is the total number of atoms in the system, R; and R, are the
radius-vectors of atoms / and J, respectively. The summation
covered every possible pair of atoms where both atoms belong to
either the solute or a solvent molecule, or one atom belongs to the
solute and the other one, to the solvent molecule. The indices 7 and
J imply simultaneously the type and the number of an atom. An
advantage of this approach is the possibility of finally reducing the
problem to the study of only radial atom—atom potential func-
tions. However, even in this approximation, parametrisation of
the interatomic force fields is very complicated. This requires
specification of the functional form of each potential containing
adjusting parameters, which are selected by comparing the results
of trial calculations with the experimental data on the structure
and thermodynamic properties of one-atomic and molecular
liquids. A number of parametrisation protocols for the intra-
and intermolecular force fields (AMBER,'®* CHARMM,!
OPLS,?* GROMOS,?! GROMACS,?? etc.) have been developed.
These techniques make use of the partial charges of atoms ¢; for
parametrisation of the Coulomb interaction and the Lennard-
Jones model for parametrisation of the non-Coulomb contribu-
tion to atom —atom potentials.

The main phase in the calculation of classical molecular
models is determination of the equilibrium ensemble of atomic
configurations

E{N} :RIEZ .. ‘EN

in a chosen volume of the medium either by solving dynamic
equations (MD method) or using the MC method. In both cases,
the final outcome is the calculated atom—atom (AA) correlation
function (CF) gas(|R1 — R»|), which is related to the conditional
probability that one atom A of some molecule will be found at
point R; provided that atom B of another molecule occurs at
point R, .23

The presence of chemical bonds gives rise to correlations that
are specified by intramolecular correlation functions (IMCF). For
rigid molecules, IMCF depends only on the molecular geometry,
while for non-rigid molecules, averaging of these functions over all
molecular conformations should be carried out. The atom —atom
correlation functions (AACF) and the IMCF provide full infor-
mation on the local microscopic structure of the solution and the
solvated complex. All thermodynamic values (Gibbs energy of
solvation AG, chemical potential ¢ and so on) can also be
calculated from the correlation functions and the intra- and
intermolecular interaction potentials.??

More detailed investigations of real solvation systems require
a quantum-mechanical (QM) calculation of electron density
distribution p.(r) and many-electron wave function 'I’(r{"}) (nis
the number of electrons). However, the quantum-chemical calcu-
lations from ‘primary principles’ are very laborious and can now
be carried out only for systems consisting of several tens of atoms.
For systems comprising hundreds of atoms, semiempirical
methods are employed. Therefore, hybrid (QM/MM) methods,
i.e., calculation protocols that use simultaneously the equations of
quantum and molecular (classical) mechanics, are now actively
used to study solvation. All molecules of the solution are divided
into two subsystems, namely, the solute (for which the quantum
calculations are carried out) and the solvent, which is described on
the basis of classical molecular models. Correspondingly, quan-
tum (Q), classical (M) and mixed (QM) contributions to the
intermolecular potentials are distinguished. The full Hamiltonian
H of the system includes each of these contributions.

H = Ho + Hoy + Hy, (1)
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Here, the subscripts i, j, I, J refer to atoms of the quantum and
classical subsystems, respectively; P;, P; and R;, R; are the
impulses and coordinates (radius-vectors) of atoms; Z;, m; are
the charge and the mass of the solute nuclei, H. is the electron
Hamiltonian (we do not write it out in an explicit form) and the
brackets (¥]...|¥) mean averaging over the electronic config-
uration of the solute with coordinates of the electrons r;. The
operator Hqwm contains both the electrostatic (the first two terms)
and non-electrostatic (V) contributions.

The use of Hamiltonian (1) implies the calculation of the
many-electron wave function ¥ and the equilibrium configuration
R™Y of the solvent molecules. In terms of the method of
correlation functions, the problem of solvation can be reduced to
the investigation of the effective Hamiltonian Hgs, which governs
the behaviour of the quantum subsystem in the external field
Vee(R) created by solvent molecules at point R;,

P; A4
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where gap(r) is the AACF between atoms of the solvated complex
and the solvent and u,g(r) are the corresponding atom—atom
potentials. The free Gibbs energy of solvation of the system (per
solute species) is given by the equation

AG = (Y|He|¥) — (WolHq|Po) + . (€)

where ¥, (") and ¥ (r"}) are many-electron wave functions of
the solute in vacuum and in the solvent, respectively, u is the
chemical potential of the solvent, which can be expressed in terms
of the CF. Since the AACF is determined by the equilibrium
configuration of the solvent molecules, which also depends on the
electron density distribution p, (r), self-consistent calculation of ¥
and gap(r) is required. The calculation procedure is as follows.
Some initial approximation is taken for the wave function ¥ and
for the spatial configuration of the solute. The next stage is to
calculate the charge distribution on the solute atoms, to find the
equilibrium configuration R™} and gxp(r), to calculate the
external field and, finally, to correct ¥ by calculating the electron
density distribution in this external field. This procedure should be
repeated until full self-consistence is attained. Various modifica-
tions of this procedure are related to the choice of methods for
calculating gap(r) (MD, MC or integral equations) and ¥. The
allowance made for electron polarisation of the solvent molecule
changes appreciably the whole calculation scheme.

In the general case, the calculation of the equilibrium config-
uration of the solute + solvent system, like the calculation of the
AACEF, is labour-consuming; therefore, additional simplifications
are used in continuum models. The approximations based on the
linear response theory 2* allow one to reduce the problem to the
calculation of the wave function ¥ in the reactive self-consistent
field (SCF) V, which depends on the dielectric constant of the
liquid and charge distribution in the solute. Thus, using contin-
uum models (CM), one can calculate the energy of solvation and
the electron density distribution on the solvated molecule without
calculating the correlation functions. Actually, this requires only
an additional self-consistent calculation of V., which can be
naturally included into standard quantum-chemical procedures.?’

II1. Continuum models

The linear response approximation in the theory of solvation
appears to be justified for considering the electrostatic interac-
tions in the system consisting of a solute and the solvent. It is
widely used for systems where such interactions predominate, i.e.,
for charged and highly polar solutes in polar solvents. This
approximation forms the basis for the continuum theory. It is
formulated as a relationship between the charge distribution on
the solute p(r), which depends on the charge of the atomic nuclei
and the electron density distribution p,(r), i.e.,

p(r) = 3" Zid(r — R) = pe(o)

and the field of the medium ‘response’ V(r), i.e., electrostatic field
V) = Roz = [ o0 K (v @

Here K is the linear integral operator with a symmetric nucleus
K(r,r") (the Coulomb Green function, which has the following
form for the case of electrostatic potential in vacuum: |r — r’|71).
Within the linear theory, the Helmholtz free energy of solvation is
equal to

AF =3[0, 0Vdr =3 [0, K p 000 ar. (9

In the simplest case of a homogeneous medium, the charge
distribution p,(r) is related to the induction field D(r) by the
Poisson equation

VD = 4np,(r), (6)

and the polarisation P(r) of the medium is equal to

P(r) :%n(l —%)D(r), 0

D = SoE,
where ¢, is the static dielectric constant of the solvent, E is the
electric field. A variable polarisation arises in a homogeneous
medium as the response field. This simple model has found wide
application in early versions of the electron transfer theory.

To describe the solvation effects at an up-to-date level, one
should take into account the discrete (atomic) structure of the
solvated molecule. There appears a boundary separating the
region occupied by the solute (the ‘cavity’ in which the dielectric
constant ¢ is taken to be unity) from the surrounding area filled
with a continuous medium with ¢ =¢;,. With such boundary
conditions, it is inconvenient to use the variables P(r) and D(r),
and transition to the general relations (4) and (5) is expedient. In
this case, the response nucleus K(r, ') is defined as the function & .
The numerical implementation of this procedure is equivalent to
the solution of the Poisson equation with the appropriate boun-
dary conditions, which can be different depending on the partic-
ular method used to specify the boundary of the cavity accom-
modating the solute. Some of these methods are mentioned below.

A more general formulation of electrostatic equations is
proposed in non-local electrostatics.?®?7 For a homogeneous
medium, simple relations (6) and (7) are replaced by the relation

P(r) = jE(r’)x(r —)dr'. (8)

Here y(r — ') is the non-local generalised dielectric susceptibility.
In the standard phenomenological approach,?°~2 it is expressed
in terms of the dielectric function y(k) [Fourier transform of the
function y(r)], which is in turn related to the dielectric suscepti-
bility ¢(k) in the following way:

=31 | ©)

This approach allows one to take into account the structure of
the medium in the continuum theory. As an example, we consider
the model function y(k) for the isotropic case where it depends
only on the length of the vector k. In the simplest variant, this
model has the form 2430

P

/((k) =0 + 1+ k2§2 . (10)
Here y, and y, are constants, the former determining the local,
while the latter, the non-local components of the susceptibility;
k =| k |; the model parameter g is the correlation length. After the
backward transformation, the Fourier function (10) gives rise to a
‘susceptibility kernel,” which depends only on the distance
between the points r and ¥

11
+ 4’|y — ¥|
where ¢ is the Dirac delta function.

In conformity with relation (8), the response P(r) decays
exponentially with an increase in the distance |r —#|, and the
dielectric shielding of the solute charge is efficient only at distances
not exceeding <. In the description of the orientational polar-
isation of the medium, the ¢ value is of the order of the character-
istic size of the solvent particles.

The applicability of local models is restricted by the limited
case ¢ < ¢y, where ¢, is the characteristic size of the solvated
molecule. By introducing multimodal model functions as the sums
of Lorentzian functions (10) with different parameters ¢, s, ...,
equation (10) can be generalised to describe the structure of the
solvent around the solute in more detail.>*~28The non-local
models for an inhomogeneous medium are complex and have

1l = ') = 290 (r =) exp (=< r—=rl), (D)
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been developed only for spherically symmetric systems,30~33
although the equations describing them are also known for the
general case.! 33 In these models, linear relation (4), and, finally,
(leaving aside the technical complexity), the response nucleus
K(r,#") can be expressed in terms of the function y(k) or ¢(k).

This type of approach can be extended to time-dependent
effects by introducing the functions y(k, w) or &(k, ®) that depend
on the frequency . In the absence of spatial dispersion, they are
reduced to the functions y(w) and &(w), which are complex
values.?* For example,

g(w) = ¢ (0) + &(w),

where the terms ¢; (real) and &, (imaginary) are even and odd
functions of w, respectively. The transition to time functions is
performed by the Fourier inversion.

Relation (4) also holds for molecular theories if the applic-
ability conditions of the linear response are met. Then the nucleus
K(r, ) can be calculated within the framework of one or another
microscopic model. In the classical limit, the Kirkwood formula
holds,3* 3> which expresses the nucleus of the integral operator K
in terms of the correlation function (AV(r)A V(r’))pZT of fluctua-
tions of the microscopic electric field

K(r,¥') = —B{AV(r)A V(r’)}pzT, (12)
where f§ = (kBT)fl, kg is the Boltzmann constant; averaging
involves an ensemble with fixed charge density distribution p,
and temperature 7. Relation (12) allows one to perform MC or
MD simulation of the nucleus K(r, ) on the basis of calculations
of the correlation function (AV(r)AV(¥')). Finally, it becomes
possible to transfer the approaches developed in the continuum
theory to molecular models.

Of all the existing computation schemes, the continuum
theory most simply, although roughly, takes into account the
solvation effects. Owing to the simplicity of the numerical
procedure, continuum models have been widely distributed and
underlie a large number of applied computer programs. Here, we
only briefly touch on different versions of continuum models,
because voluminous literature devoted to this topic is avail-
able.36-43

Continuum models can be classified in terms of the procedure
of calculation of the reactive self-consistent field ¥ acting upon
the solute [see Eqn (2)]; in terms of the method of inclusion of the
short-range contribution V; or in terms of the numerical proce-
dure used to calculate the wave functions ¥. In addition, in the
calculations that are meant to provide the semiquantitative agree-
ment with the experiment, the cavity accommodating the solute
should have a complex shape ‘adjusted’ to the real solute struc-
ture; hence, a procedure for finding this cavity is also required.

Quantum-chemical calculations for the solvated complex use
most often ab initio computations based on the Hartree—Fock
(HF) approximation supplemented by some scheme for taking
into account the electron correlations.**~4° In many publications,
the ¥ functions are calculated in terms of the density functional
theory (DFT).%0-33

Comparison of the data obtained by different methods shows
a substantial scatter of the results (Table 1), which is, however,
due not only to the calculation scheme chosen but also to the use
of different parameters for the interatomic interaction potentials.
The results of both HF and DFT calculations are in almost
equally satisfactory agreement with the experimental data.

The ways of taking into account the short-range contribution
Vs depend on the way of parametrisation of the van der Waals
interactions. Most often, the Solvent Accessible Surface (SAS)
approximation is used according to which the contribution of
short-range forces to AG (AG,) is proportional to the solute
surface area accessible to the solvent molecules. If the SAS has a
complex shape, it is considered as consisting of separate S;
fragments, which correspond to the solute atoms, and AG, is
calculated as the sum over the fragments

Table 1. Experimental and calculated [by DFT, MM, HF, SMx (Solvation
Model) and CM methods] values of free energy AG (kcalmol—!) for the
hydration of amines and amides.

Solute Experi- Calculation by the method

ment

(see>*) DFT MM HF SMx MM CM

(see>3) (see>d) (see3®) (see’”) (see®) (see™)

NH; —43 —48 —40 —-51 —-43 —42 —63
CH;NH, —46 =30 —-3.7 35 — —3.5 —45
(CH;),NH —43 — -12 - —-43 —-19 =27
(CH;);N —-32 — -0.6 — —-2.6 04 —12
Acetamide —-9.7 —-9.0 —119 -9.2 — — -9.8
NMA 2 —10.1 — -93 - — - —-7.8
NNDMAP -85 - -73 - — — —6.3

a NMA is N-methylacetamide; ®» NNDMA is N,N-dimethylacetamide.

AGy =" A4;S;, (13)

where A; is a coefficient expressed in the surface tension units.
According to the Generalised Born Surface Area (GBSA)
model,®!-92 it is assumed that the 4, value is determined only by
the type of atom. In more advanced SMx models,> % it depends
additionally on the type and length of the bonds and (implicitly)
on the charge of the ith atom. Attempts have been made to
parametrise the separate contributions related to the repulsion of
atoms and to their attraction due to dispersion interactions. The
complexity of such calculations is obvious, due to the fact that
these contributions have opposite signs and partially neutralise
each other. In some cases, these contributions are expressed via
one- and two-electron integrals for the corresponding atomic
orbitals and are included in the calculation scheme as a compo-
nent of the self-consistent field acting on the solute.®> The
repulsion contribution contains a temperature-dependent ‘non-
potential’ component, namely, the cavitation energy (see
Section VI). Other methods for the parametrisation of AG, also
exist. Comparative analysis of the existing methods showed ¢°
that, with appropriate thoroughness, they all provide similar
estimates of AG; .

A number of modifications of continuum models exist,
depending on the procedure of calculation of the self-consistent
field, which is dictated by the method used to solve the Poisson
equation for the electrostatic potential Ve created by the charge
distribution p,(R)

Ve(R)VVe(R) = —4mp,(R). (14)
This equation corresponds to the most general case where the
dielectric constant of the (inhomogeneous) medium &(R) depends
(unlike &) on the spatial coordinates R. Equation (14) can be
numerically solved by using various finite-difference schemes or
the finite-element method. This way of solving the equation is,
however, labour-consuming, because elucidating the details of
field distribution V.(R) requires the use of a three-dimensional
network with a large number of points.®’ In some cases, poor
convergence is observed during the solution. Despite these draw-
backs, this approach has quite a lot of supporters, especially
among researchers engaged in molecular biology,> which is due
to the availability of the relevant program packages for the
solution of the Poisson— Boltzmann % and Poisson ® equations.

Most often, the cavities of the solute excluded volume are
considered, the dielectric constant being a stepwise function

gR) =1
inside the cavity and

e(R) = &
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outside the cavity. Then for a spherical cavity with the radius a, the

solution of Eqn (14) can be written as a multipole expansion into

spherical harmonics Y7'(y, 6) 3870

. 2+ 1 -
Vae(R > a) = * S B Y1, 0),
—1

/
=0 l+(l+ 1)8 R m=

- 1 : m
Vef(R < a) = VO(R) + VG(R) = ZW Z B/mY/ (l//~ 0)+
=0

m=—I|

8

(I+1)(e—1)

[ .
l-‘r(l-f—l)(“ W Z Blel (lr//79)3

m=—I

+

g

15)

i

I
o

where R=| R |, B, are the expansion coefficients. In rela-
tion (15), the contributions Vy(R) and V. (R) represent the
potential created by the charge distribution on the solute in
vacuum and the response field created by the induced charge of
the surface of the sphere, respectively. In the case of a solute with
an arbitrary shape, one can use a multicentred multipole expan-
sion.8 In this case, the whole surface of the solute is first split into
spherical fragments for which expansion (15) is performed, while
the self-consistent field V¢(R) is calculated as a superposition of
the contributions of all centres. An essential drawback of this
approach is poor convergence of series (15); as a consequence, it is
difficult to control the number of terms of the series needed to
ensure the specified precision. For small molecules, an accuracy of
not less than 93% is attained at /,,, = 8 (see Ref. 71), whereas for
large molecules, /,,, increases linearly with an increase in the
distance from the expansion centres. The case where only the
terms with /,,, =0 are considered corresponds to the Born
approximation* and /,,, = 1, to the Onsager approximation.”?
The two last-mentioned protocols are embodied in a large number
of computer programs. The former underlies the GBSA model
(generalised Born model taking into account the accessible sur-
face),% which is actively used for ‘classical’ calculations of the
solvation energy of biomacromolecules 73 or the energy of binding
of a ligand to a protein.” Yet another example is represented by
SMx models ® where this approximation is used for the quantum-
chemical calculation of solvation. Note that the results of calcu-
lations in terms of these models are highly sensitive to the choice of
the @ radius.

An alternative method for solving the Poisson equation is the
popular Polarised Continuum Model (PCM).”>~78 According to
this model, the solute is immersed in a cavity with a complex shape
which is constructed as a combination of (overlapping) spheres
drawn around each of the solute atoms. The radii of the spheres
are expressed in terms of the van der Waals radii of atoms by
introducing a scaling multiplier, which is a method parameter.
Equation (14) with the function ¢(R), which acquires different
constant values inside and outside the cavity, is reduced to the
integral relation

V() = V)~ Vo(®) = [ 25 bR
S

(16)

Here, S'is the surface area of the boundary of the cavity around the
solute over which the corresponding surface integral is calculated.

It follows from electrostatics equations that the surface charge
o(R') on the boundary of the cavity is related to the field strength
E(R') by the relation

1—c¢
o(R) = tn(R)E(R) = (17)
_ 8() — 1

47'C80 n(R,)V{VO(RI) - VU(RI)}’

where n(R’) is the unit vector of the inward normal to the surface
S. Equations (16) and (17) taken in combination provide the

possibility of obtaining a closed-loop iterative scheme for the
calculation of (R’) and V,(R").

The key integral equation of the PCM determines the surface
charge o(R) (see Ref. 79)

1—80
R) =
o(R) 4me,

“ a(R,R)p.(R)dR + (18)

s

+ Ja(R, R)o(R)R' + 2m0(R)
S

where a is the normal derivative of the Coulomb potential.

The right-hand part of Eqn (18) is the sum of volume and
surface integrals.

Iterative algorithms are used most often to solve Eqns (16)
and (17) for V4(R) and o(R’) or the equivalent equation (18) for
a(R). The function o(R) is approximated by the network of its
values on small segments of the surface S. In some existing
alternative (non-iterative) calculation schemes, the set of the
a(R) values on the segments of the cavity surrounding the solute
is considered as a vector and the Eqns (16), (17) and (18) that
determine it are reduced to a high-dimension matrix equation (see
the review 3% and the references cited therein).

The PCM model is represented by a large number of versions
whose comparative analysis has been reported.’” A recent ver-
sion 89 makes it possible to carry out the calculation of solvation in
liquid crystals and salt solutions. A simplified modification of the
PCM is the Conductor-Like Screening Model (COSMO),3! which
assumes that highly polar liquids such as water (¢, = 80) can be
regarded as conductors (¢y = o0 ). The corresponding equation
for the charge surface density obtained in terms of this model is
solved by the matrix method mentioned above. This scheme is
considered to be attractive for calculating the solvation of large
biomacromolecules.®?

To conclude the Section, let us turn back to the problem of
applicability of the linear response theory to the description of
solvation. The linear approximation is basic for the use of
continuum models; its adequacy was verified by comparing the
results of calculations in terms of these models with the results of
MD or MC calculations.®3~ 8 Comparison showed a substantial
deviation of the response from linearity. The deviation is smaller
for charged solvated molecules than for polar molecules; in
addition, the non-linearity of the real response increases with a
decrease in the solute charge. Before the publications, 383 it was
believed that non-linear effects should arise in strong electric fields
(dielectric saturation). Calculations 385 revealed an absolutely
different effect of purely molecular nature generated in weak
fields. It was found that linearity of the dielectric response is
violated due to solvent structurisation in the near environment of
the solute caused by short-range van der Waals interactions. As
the strength of the external electric field increases, a ‘phase
transition’ takes place and the linearity is restored. However,
studies were carried out only for aqueous solutions, and it is
unknown whether this effect is significant for non-aqueous
systems.

Apparently, continuum models cannot provide a calculation
accuracy above 80% for either free or potential energy, or for the
electrostatic potential, irrespective of the way of parametrisation
of the non-electrostatic contribution or the shape of the solute
cavity. One more shortcoming of the continuum models is that
they do not allow one to estimate temperature dependences of the
energy of solvation or to study the change in the local structure of
the solution near the solute. Nevertheless, due to the relative
simplicity of the calculation of AG and the possibility of estimating
the changes in the electronic structure of the solute, the continuum
models appear rather attractive for applications, especially in the
field of biochemistry and molecular biology.
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IV. Method of integral equations

The MC or MD calculation of the correlation functions is
associated with a great amount of computation. By using the CF
formalism, it is possible to reduce the problem to a simpler
investigation of Ornstein—Zernike type equations.??86-87 These
equations relate the atom —atom radial distribution function g(r)
to the ‘direct’ correlation function ¢(r), which plays an important
role in the statistical mechanics and determines the two-particle
spatial correlations (medium density) caused by the interatomic
potential u(r) so that ¢(r— o0 ) - — fu(r). In the case of an
infinitely dilute solution where a monoatomic solute in a mono-
atomic liquid is considered, the equation for the /hap(r) =
gap(r) — 1 (see ™) is written in the form

7an(R) = han(R) — cap(R) = p ” can(hga(lr — R)dr,  (19)

where p is the average solution density, /pg(r) is the full correla-
tion function of the pure solvent. The integral equation (19)
connects two functions, /4 and ¢, and, hence, it can be supple-
mented by the ‘closure’ condition. This condition can be obtained
as the dependence of the function cap on the ‘bridge’ functional B

cap = exp[—fuap +7ap + B(yap)] — va — |-

No exact expression for the bridge functional has yet been
found; however, a large number of approximate expressions have
been obtained for simple liquids by the diagram expansion
method;®-8 the applicability of such expressions is limited to
the u(r) type of interaction. For example, the hyperchain (HC)
approximation (HCA) with B[y(r)] =0 is used for long-range
interactions and B[y(r)] = In[l + y(r)] — y(r) corresponds to the
Percus—Yevick (PY) approximation, which is used for short-
range potentials.

In the case of molecular solutions, unlike simple liquids, it is
impossible to relate unambiguously the behaviour of the atom—
atom potential to the type of closure; therefore, the closure
conditions for the atom—atom functions are not rigorously
deduced but are also expressed in the HC or PY approximation.
This idea has been developed extensively in the Reference Inter-
action Site Model (RISM) theory,*® in which the CF are related by
the integral relations

pHaR(R) =Y Wac(r)Cep(r —r1) Xpp(jr, — R|)drdr,. (20)
o

Here p is the average density of the solvent; H and C are matrices
whose elements are the hag and cpp functions for atoms of
different types, respectively; C and D are additional subscripts
for the solute and solvent atoms, respectively; Wac is the
‘structural matrix” composed of the solute correlation functions
WAC » and

Xps(r) = Wps(r) + pHpg(r) (21)
is the generalised susceptibility of the pure solvent. Here, matrices
are introduced instead of three scalar integral equations for the
solute —solute, solute—solvent and solvent—solvent correlation
functions. The Xpp matrix can be calculated by the MC or MD
methods or using integral equations. Like the structural matrix for
the complex solute W, , this matrix specifies the input structural
data for Eqn (20). As regards the mathematical statement, the
equations of the RISM theory are similar to Eqn (19) and differ
only by the presence of an additional weighting factor W caused
by intramolecular bonds. The large number of discrepancies

1 The function 4 is the full CF. From the standpoint of a mathematician,
this function is more convenient, as (r - o0 )— 0 and the integrals that
include A(r) are finite, while g(r — o0 ) — 1. In addition to these CF, the
‘indirect’ CF is also used: y = h — c.

between the asymptotic estimates of various physical properties
and the conclusions drawn in terms of the RISM models are due to
the approximate character of this analogy.8%-°! In particular, for
polar liquids, the RISM model substantially underestimates the
dielectric constant and, for example, for water, it does not predict
adequately thermodynamic and structural properties.”?> More
rigorous approaches also exist;”® however, these are seldom used
to study solvation due to the complexity of numerical implemen-
tation.%*

As noted above, all the thermodynamic characteristics of
solvation can be found in terms of the AACF. The form of the
relevant relations depends on the type of closure. The simplest
relations are obtained in the case of the HC approximation where
the excess chemical potential u in the limit of an infinitely dilute
solution is determined from the equation ?3

pu=p Y |30 - o)~ 22)
AB

=53 [enctXen(in ~ Rione)(ir = | drein.
CD

By using standard thermodynamic relations, one can also
calculate the energy E, the enthalpy H and the entropy I' of
solvation %¢

_ 0B
E_Wp, (23)
_ (B
H_—aﬁ R
w—H
F—T.

The subscripts |, and |, mean that the derivatives are calculated at
a constant density and pressure, respectively.

The RISM equations with allowance for closure, like
Eqn (19), are heterogeneous Fredholm integral equations of the
second kind in the unknown function y,g(r). The numerical
investigation is done using iterative methods. First, some indirect
correlation function " (r) is specified. Then the cag(r) function is
determined using the closure conditions. For the resulting func-
tion, the Fourier transform is found and used in the integral
equation written in the k space for the calculation of the yg(k)
function. The Fourier inversion is performed for the y°"(k)
function found, and the process is repeated once again. The
procedure of convergence can be accelerated by using various
algorithms based on the Newton — Raphson method.®”- %8

The integral equations can be analytically solved only for a
very limited set of potentials and closures.”® Despite the small
number of such analytical solutions, they are useful for the
modelling of structural and thermodynamic properties of solu-
tions on the basis of simplified models. The most important
example for polar liquids is represented by the Mean Spherical
Approximation (MSA) in which the closure is described in the
following form

h(r<d)= -1,
c(r>d)=—Pu(r)

24

where d is the diameter of the solid sphere.

With this closure, analytical solutions were obtained for solid
spheres having an electric charge or a dipole moment.!® The
properties of the MSA allow one to obtain analytical expressions
for the free energy of solvation and other thermodynamic values
in ion —dipole systems.!?! The model can be successfully used to
study solvation in water —salt solutions.

In recent years, new calculation schemes have been developed
(Three-Dimensional Interaction-Site Model, 3DRISM) 102-108 j
which the structure of the solvent near the solvated molecule is
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Figure 1.
1.5 around the propane molecule.

Isovalue surface of the propane — oxygen of the MACF g(r) =
102

determined by the molecular—atomic correlation functions
(MACEF) gg(r). These functions characterise the probability that
atom B of the solvent molecule is found at point r, which is
specified in the system of coordinates related to the solvated
molecule. Figure 1 shows the sectional view of the MACF g(r)
isovalue surface for the propane molecule in water.!? An equa-
tion similar to Eqn (20) can be written for MACF,

() = 3 [ en(r)Xan(r ~ RGR. 25)

A

where cg(r) is the ‘direct’ molecular—atomic CF. For cy(r), the
HCA closure is constructed to relate cg(r) to gg(r). In fact, this
assumes the additivity of action of the solvated molecule on
separate atoms of the solvent molecule. Although X,p(r) is a
radial function, the interaction potentials ug(r,Q2) and cg(r,Q2)
depend, in the general case, not only on the distances but also on
the orientation € with respect to the solvated molecule. The
relations involved in the 3DRISM model, unlike the integral
equation (20), represent a set of three-dimensional integral equa-
tions. The algorithm for the solution of the 3DRISM equation is
similar to that described above and differs only by the fact that it
requires performing calculations on a three-dimensional network
and using the three-dimensional Fourier transform in order to
find y(ky, k,, k.).

Yet another modification of the method of integral equations
is the study of the molecular correlation functions (MCF)
gan(r,Q),19%- 119 which depend on both the distance between the
centres of the molecules and the relative angular orientation of
molecules. A ‘molecular’ integral equation similar to Eqn (19) can
be written for MCF

y(r,Q) = h(r,Q)—c(r.Q) = (26)

=p jh(r — RQ)c(R.Q—Q))dRAQ, .

With this type of notation, one can avoid the problems caused
by the choice of closure, because the diagram expansion method is
naturally extended to the MCF. However, this gives rise to new
problems associated with the increase in the dimension of integra-
tion in Eqn (26), which leads to a pronounced increase in the
number of network points in the numerical approximation of the
function y(r,Q). As a consequence, it becomes virtually impossible
to find an analytical solution to Eqn (26). One way of avoiding the
integration by angles is to expand the orientation-dependent CF
into a series in eigenfunctions of the rotation operator
DZZZI(QI, Q,,Qr). The presence of a particular symmetry group
for the solvent particles can reduce significantly the number of
expansion terms. In some cases, rather fast convergence of the
series ensures a good result even with a relatively small number of
terms.!%® Comparison of these results with the results of MC
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Figure 2. Carbon—methyl correlation functions for acetonitrile;!%°
(1) solution of the molecular integral equations, (2) calculation using the
RISM equations, (3) MC calculation.

calculations showed close agreement of the data for acetonitrile
(Fig. 2). However, the scope of this approach is limited; it can be
successfully used only for highly symmetrical solvated complexes.

The main difficulty involved in the use of the method of
integral equations is the complexity of its numerical implementa-
tion on a computer. In each particular case, it requires designing of
special subroutines for different types of closure, potentials, etc.;
moreover, there is no assurance that the developed algorithm will
ensure convergence of the iteration procedure. However, the
method of integral equations has also a number of advantages
over the MC and MD calculations. For equally complex systems,
the amount of calculation is 2 to 3 orders of magnitude smaller in
this method than in the two other methods. Since the correlations
that are calculated are considered to decay rapidly with an
increase in the distance between the particles, the method can be
formulated for finite spatial areas. The method does not imply the
choice of a periodic spatial cell during the modelling, and the
results are not subject to the influence of the boundary conditions.
Using modern versions of the method of integral equations,
calculations of the solvation can be performed for macromole-
cules comprising up to 10? atoms. Owing to the possibility of re-
normalisation of the sought-for correlation functions, this method
is also applicable to systems that are difficult to treat in terms of
the MC or MD calculations. Examples are systems that incorpo-
rate solutes of complex shape or with a large electric charge,
electrolyte solutions with low ion strengths, etc.

V. Electrostatic interactions in the Monte Carlo
and molecular dynamics methods

The complexity of MC and MD calculations of the solvation in
polar liquids is due to the fact that calculations are carried out for
some limited volume of space (a cell); this may be associated with
substantial errors due to the long-range character of the Coulomb
forces. The use of periodic boundary conditions requires ‘cutting
off” the Coulomb potentials (usually, at a distance about half of
the cell size). This distortion of the potential has only a weak
influence on the radial dependence of the CF; however, it can
change significantly the behaviour of the orientation correlations.
The characteristics of cutting off the Coulomb potentials have
been studied rather long ago. The interest in this effect was
enhanced after publication of the paper '!'! in which it was shown
that this procedure gives rise to a false pattern of interaction of
hydrated iron ions. With the cut-off Coulomb potential, likely
charged ions were attracted at long distances, whereas calculation
by the Ewald method 87 correctly predicted the asymptotic behav-
iour of the ions.
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The Ewald and reactive field calculations are currently the
best methods for taking into account the electrostatic interactions
in solvation systems.!!2~ 114 The Ewald method first developed for
the calculation of Coulomb interactions in ion crystals'!’ is
considered to be the most consistent in the calculation of electro-
static potentials. In its modification for periodic molecular sys-
tems, the electrostatic energy (U) is expressed through the
periodic Ewald pair potential ¢(R) (see Ref. 85)

U=>""aqnqpe(|Ry — Ryl + (27
I1<J af
1
+ 91298 [‘P(\Rl —Rpyl) ———— | +
2 2 anst | o(Re = Rol) =

4y b
2.5 ;ll?o{q’(m |R|}'

The subscripts o and f§ designate different atoms in different
molecules 7, J (of the solute or the solvent). The first two terms in
this equation correspond to inter- and intramolecular electrostatic
contributions to U. The last sum (this term is also called self-
action) is a correction, which is necessary because in the point
charge limit, the Ewald potential does not reproduce accurately
enough the Coulomb potential within an area of the finite size.
The sum of partial charges ¢, of all atoms disappears for electri-
cally neutral systems. In this case, the use of the Ewald potential is
the most justified. For charged solute—solvent systems, the self-
action term turns into a constant which can be estimated from the
condition

P

. 1 ¢

A {“”(R) R} A
where { is a constant equal, for example, to ~2.837297 for a cubic
cell, Lis the linear size of the modelling cell. The appearance of the
constant { dependent on the modelling conditions is a flaw of the
Ewald calculations and the problem related to it is still
debated.!'®~ 12! However, for many applications, it is sufficient
to calculate the energy U to within this constant.

The Ewald potential ¢(R) itself can be written down as a sum
of two rapidly converging series

B erfc(n|R — nL|)
@(R) = 2": TR+aL] + (28)

47 i . b1
e

where 7 is a shielding parameter which controls the convergence
and the relative contributions of the series. However, formally, the
Ewald potential does not depend on the selection of this param-
eter, i.e.,

0p(R
o) _,
on
while the cell-averaged value of this potential is also equal to zero
J ¢(R)dR = 0.
L3

The difference between the Ewald potential and the reactive
field potential (see below) is in the way the charge distribution
which compensates the total charge of the solvation system is
specified. In the case of the Ewald potential, this charge is
uniformly distributed over the cell chosen for calculations,
whereas in the reactive field method, it lies on a sphere with the
radius R, around the solvated ion under consideration. The
calculations 8% 116~ 118 showed that in practice, the Ewald poten-
tial approximates rather closely the electrostatic interaction.

In the reactive field method, the electrostatic interaction is
approximated by using the potential 112~ 114

1 1 (25— 1)(R*—RY
R<R)=——— 42T __"¢ 29
PR<R) =%~ % Qe + DR (29)

@(R>R.)=0.

The cut-off (at R > R.) Coulomb interaction is modified by
adding a surface field borrowed from the continuum theory.
Actually, ¢(R) is the solution of the Poisson equation for the
point charge located at the centre of a spherical cell with the size
R, immersed in a dielectric medium with the permeability &, and
the compensating surface charge on the cell surface. This approx-
imation is used in the MD simulation of an ensemble of solvent
molecules surrounding the solute.?!>22 In the calculation of the
medium response field, the problem of finding the solvation
energy is reduced to a hybrid computation (MD/CM) in which
some of the molecules of the liquid (inside the chosen cell) are
calculated (in the explicit form) by the MD method, while other
molecules (outside the cell) are calculated using continuum
models. Detailed description of the calculation algorithms on the
basis of this hybrid discrete and continuum approach has been
reported.!?? The researchers have found that this protocol allows
one to calculate the electrostatic contributions to the free energy of
solvation to an accuracy of several kilocalories per mole.

VI. Hydrophobic effects

Noble gases and hydrocarbons are typical examples of hydro-
phobic solutes. Their poor solubility in water is due to the entropy
loss related to the entropy of hydration, which counterbalances or
exceeds the benefit in enthalpy.!?® The main difference between
the hydrophobic and hydrophilic solutes is the fact that the former
have no charged or polar groups, which shows itself as the absence
of electrostatic contributions to intermolecular potentials.

Study of the hydration of hydrophobic solutes is associated
with two problems.!?* First, adequate simulation of hydrophobic
effects requires detailed information on the microstructure and
thermodynamic state of water. This information is used as the
input data for calculating the hydration. Water has a number of
abnormal properties compared to other polar liquids; therefore, in
the simulation of hydrophobic solutes, the choice of the molecular
model of water and the calculation of its properties should be
carried out with special care. The microscopic models of water
specially designed for this purpose allow one to calculate rather
accurately the thermodynamic parameters of solvation for simple
hydrophobic solutes.!?> Figure 3 shows the temperature depend-
ences of the chemical potential (x) and its enthalpy (/) and entropy
(s) contributions for a methane molecule hydrated under atmos-
pheric pressure. It can be seen that calculated and experimental
data agree both qualitatively and quantitatively.

h, u, s [kcal mol—!
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Figure 3. Temperature dependences of the chemical potential (/, /) and
its enthalpy (2, 2’) and entropy (3, 3') contributions for a methane
molecule hydrated under atmospheric pressure;

(1-3) calculation,'25 (/' - 3') experiment.!26
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The second characteristic feature of hydrophobic solutes is
related to geometric factors and excluded volume effects. Depend-
ing on the size of the solute, these effects can be manifested in
different ways.'?” For small hydrophobic solutes (such as atoms of
noble gases) at low concentrations, the packing effects are
associated with reorganisation of water around the solute without
rupture of a large number of hydrogen bonds. For mesoscopic
hydrophobic solutes (for example, globular proteins), solvation
can result in the cleavage of a large number of hydrogen bonds,
giving rise to a nonwetting area near the hydrophobic surface of
the solute where water occurs in the vapour state.

As an example, we shall consider a spherical model of the
solute with a large radius R, which resides in the excluded volume
cavity having the same radius. For macroscopically large cavities,

Gibbs free energy of solvation is described by the expres-
sion 128.129

4TtR3p

AG ~ + 4no R,

(30)

where p and ¢ are the hydrostatic pressure and the liquid — vapour
surface tension coefficient, respectively.

By parametrisation,'3% 13! this relation can be extrapolated to
microscopic cavities which arise upon solvation of molecular
species. The first term in relation (30) becomes negligibly small
at normal pressures, and the ¢ value remains the only significant
parameter to determine AG. In early publications (see, for
example, Ref. 128), this parameter has still been interpreted as
macroscopic surface tension, although a consistent formula-
tion'? interprets ¢ as a model parameter dependent on the
solvent and the cavity size and shape. This approach, called the
scaled particle theory, was modified to be applied to non-spherical
cavities.!3? 133 The modern version is based on the density func-
tional theory,'?” where the free energy of solvation is expressed in
terms of generalised water susceptibility X(r, ') [see Eqn (21)]. The
free energy of cavity formation in the solvent is called the
cavitation energy. It is mainly of the entropy nature. In the
absence of electrostatic interactions, the total energy of solvation
consists of the cavitation and van der Waals contributions. The
latter contribution is due to short-range interactions (which are
usually described using Lennard-Jones parametrisation) and is
largely an enthalpy effect. The peculiarity of the situation is that
the cavitation and van der Waals contributions have opposite
signs (Fig. 4). The magnitude of each contribution grows with an
increase in the size of the cavity '3* (often, they are regarded as
being proportional to the surface area of the cavity !3%), whereas
the overall effect is small (~2—-3 kcal mol—') and barely depends
on the size of the cavity (at least, for hydrocarbons with a number
of carbon atoms ranging from 1 to 6).

Yet another molecular model of the hydrophobic effect is
formulated on the basis of the Pratt and Chandler theory '3¢ in
terms of the integral equation method. This theory reduces
determination of AG to the calculation of the AACF. It is closely
related to the most developed molecular model of hydrophobic
solvation, based on the information theory '?* 137 and is actually a
cavitation effect model. With this approach, the free energy of
solvation AG of a non-polar solid particle is determined in terms of
the probability p, of formation of a cavity with the corresponding
size and shape in the bulk of the liquid

PAG = —Inpg. 31

The probability p, can be found by computer simulation 38150 or
in terms of many-particle correlation functions.!3° The following
simple procedure is also efficient.!#*~ 152 One should consider the
probability distribution {p,,} for which the case n = 0 corresponds
to the probability of formation of an excluded volume cavity [see
Eqn (31)]. The p,, values for n # 0 are interpreted as the proba-
bilities that n solvent (water) molecules are situated in the cavity.
The zero, first and second probability moments {p, }
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Figure 4. Experimental values of the entropy («), free energy (b) and
enthalpy (c¢) contributions to the hydration of isobutane (/), 2-methyl-
butane (2), neopentane (3), cyclopentane (4) and cyclohexane (5); the line
shows the approximation of the discrete values by some dependence.'34

(1= pu,
(n) = npy,
() =3 np..

respectively, can be expressed in terms of values that can be
measured experimentally, namely, the density and the generalised
susceptibility of water. The distribution {p,} is simulated in the
form

(32)

where pg, is the simplest ‘primer’  distribution,
Pon(n < nyayx) = const and pg,(n > np,y) = 0, where the maxi-
mum number of particles in the cavity nmax is the distribution
parameter.'4> The additional parameters, A, /;,/,, are found
from the condition of reproducing the three first probability
moments {p,}, which are specified as noted above. Expres-
sion (32) corresponds to the maximum of informational entropy
with additional constraints imposed on the moments.'*® By
constructing the entropy functional in such a way that the zero,
first and second probability moments corresponded to experi-
mental data, Vener et al.'?? have found an expression for the free
energy of hydration of noble gas atoms

Pn = Pon€Xp(Lg + 4in + /12”2),

22
oV

AG ~ —-,
B on?

(33)

where p is the density of solvent (water) particles, v is the volume of
the excluded volume cavity, pv = (n) is the average number of
solvent particles in the cavity, on* = (n”) — (n)” is the variance of
the number of particles in the cavity. According to this approx-
imate relation, the temperature dependence of the cavitation
energy is determined by two factors, namely, the dependences
(n)(T) and on*(T). Relation (33) was confirmed by computer
simulation of small-sized solutes;!2* however, the result is deter-
iorated with an increase in the size of the excluded volume
cavity,!3* apparently, due to the excessively simplified (‘planar’)
form of the function py, , chosen according to Eqn (32). The MC-
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and MD-based simulation shows that, generally, the theory
described above reproduces qualitatively the hydrophobic effect
but does not provide a quantitative estimate of the temperature
dependence of cavitation free energy for solutes of an arbitrary
size.

Direct MD and MC calculations of thermodynamic functions
are complicated and cumbersome. There are several algorithms
efficient for the calculation of free energy, namely, the Umbrella
Sampling, Thermodynamic Perturbation, and Thermodynamic
Integration methods.'®13%-141 The last two methods are used
most often; they are useful for the calculation of cavitation
effects.!3* 146 They differ only in procedural points and give the
required result after a sequence of consecutive standard MC or
MD calculations.

Let us consider, as an example, the use of thermodynamic
integration for determining the change AG = AGyy of the free
energy of a solvation system

G = p~Hexp(—pU))

caused by its transition from the initial state X to the final state Y
upon transfer of a solute particle from the gas phase to the
solution. Here U is the potential energy of interactions between
the solute and solvent particles and interactions of solvent
particles with one another. This value is regarded as a function
of the coordinates of solvent particles. Averaging (...) should be
carried out over an equilibrium ensemble of solvent configura-
tions in the presence (Y') and in the absence of the solute (X). To
carry out this calculation, an additional parameter A, equal to zero
in the state X and equal to unity in the state Y, is introduced in the
potential U. This parameter acquires discrete values 4; = 0, 4;,
A2y .y Aiy ..., 1 in the segment (0,1). Thus the change in the free
energy AG can be calculated as follows

AG = _%Z]n<exp{—ﬂ[U(ii+1) — U@, =

1

=[5 )

0

(34)

where U(Z) is the potential considered as a function of A.
Analogous relations can be obtained for the enthalpy and entropy
contributions to AG. The change in the entropy A" is determined
by the formula

Ar = /;Jl' KU(A) ag(;) >)—<U()L))i<alé§f) >J d.  (35)
J .

Thus, calculation of thermodynamic values includes a series of
MC or MD computations with fixed 4; followed by numerical
integration according to Eqn (34) or (35). The values of the
parameter A can be varied not only by deterministic choice of the
intermediate A; values but also in a stochastic way during the
solution of MD equations '3 154 in which the variable A is included
as an additional degree of freedom.

The above-described thermodynamic integration method has
been used to study the temperature dependence of the thermody-
namic characteristics of the hydration of hydrocarbons.!43- 144,155
The functional dependence of the binding energy on the distance
between the solute and solvent molecules has also been
studied.!3¢- 157 Computations performed by various researchers
have now been reported 134 155158 where thermodynamic pertur-
bation and thermodynamic integration procedures have been used
for systematic study of the changes in the free energy, the enthalpy
and the entropy upon hydration of lower alkanes containing one
to six carbon atoms. The results of these calculations were
compared with experimental results. However, it was found that
the results of MC and MD computations can deviate from
experimental thermodynamic data (Table 2), although generally
they provide an adequate estimate of the relative changes in AG.
For hydrophobic molecular solutes, the results of calculations can

Table 2. Experimental and calculated [by 3DRISM, XSOL (Extended
Solvation), SMx, SCF and MC methods] values of free energy of
hydration AG (kcal mol—1!) for various solutes.

Solute Experi- Calculation by the method
ment
(see®*) 3DRISM XSOL SMx SCF MC
(see 19 (see ') (see'%9) (see™) (see'l)

CH, 2.0 2.084 4.5 2.0 — —
CyHs 1.83 1.827 4.1 1.2 - 2.5
n-C3Hg 1.96 2.024 — — — —
n-C4Hjo 2.08 2.136 — - - —
n-CsHj» 2.33 2.292 — — — —
CgHg —-0.8 — -07 —-10 -08 =29
CgHsCHj3 —-0.8 - -17 —-09 —-08 -
CH;0H —5.1 —3.634 —40 —-54 -—-52 -51
C,HsOH -5.0 —3.375 —-55 —49 —45 -
iso-CsH,OH —4.8 —2939 —40 —-38 —44 —
C¢HsOH —06.6 — -75 —66 =59 —
H,O0 —6.3 — -77 =95 =13 —
CH;0CH; —-1.9 — —-05 —24 — —2.6
CH;COCH; —338 — -1.7 —-43 —45 36
CH;CO,H —06.7 — -67 —-65 =73 =177
CH;CO,CH; —33 — —4.1 —40 - —4.6
CH;CN -39 — 0.8 —43 - -5.0
CH,NH, —46 - —44 —58 —43 —65
C,HsNH, —4.5 — —32 —47 —47 -
CH;CONH, —-9.7 — -72 —103 —11.0 —11.9
(Z)-NMA —10.1 —-6.236 —100 —-7.8 —87 —
(E)-NMA —10.1 —6.874 —104 —-73 -9.0 —
CsH;sN —4.7 — —45 =50 - —-5.1
4-MeCsH4N —4.9 — —48 —49 —5.1 —

be substantially improved by using the 3DRISM procedure and
an additional empirical calibration of closure conditions.'%*

To conclude the Section, we would like to note that, despite
the many years of investigation of hydrophobic effects and the
advances made due to the development of molecular models for
the hydrophobicity phenomenon, 24 127.129-136 the theory is still
far from being completed because in the general case, hydro-
phobic behaviour is due not only to the type of interaction
potentials or the solute geometry, but also to collective effects
related to the entropy factor.!6!

VII. Solvation of ions

Solvation of ions is a trial for various molecular models, as it
allows one to reveal the scope and drawbacks of one or another
approach. The classical MC and MD models of solvation of
monoatomic ions, as well as molecular solutes, make it possible to
calculate the microstructure of the solvent around the ion; how-
ever, in the case of solvation energy, agreement with the exper-
imental results is less satisfactory. Even accurate MD calculations
based on the Ewald potential give deviations of up to 20% of the
experimental values.'® Therefore, in recent years, calculations
based on either hybrid and combined protocols (Table 3) or
classical polarisation models have been actively carried out. In
these procedures, the calculation of the solvation of monoatomic
ions is a test routine for verification of the calculation scheme. The
quantum corrections usually result in smoother AACF and
smaller coordination numbers of the solvated ion (Fig. 5). Quan-
tum calculations also give lower potential barriers for proton or
electron transfer. This is clearly seen in relation to the hydrated
proton (Fig. 6).

The spherical symmetry of monoatomic ions allows one to
derive analytical expressions for the solvation energy within the
bounds of different models of the medium. Comparison of these
expressions clearly demonstrated the influence of the structure of
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Table 3. Experimental and calculated thermodynamic characteristics of
hydration (kcal mol~"') of various ions.

Value Method Na™ K" F~ Cl- Ref.
AE XRISM 2 0.10 —0.60 2.17 —0.20 163
experiment 0.25 —0.25 - —0.27 164
—AG XRISM 2 80.04 62.01 148.1 86.6 165
XRISM & 77.3, 65.6 — 83.9, 96,
84.0 — — 81.9 108
3DRISM 80.1 79.5 108
MC 94.8 64.5 138 88.3 162
SM5 - — 106.9 77.3 161
MD/CM  104.5 75.2 129.1 80.1 122
QM/MM - — 109 81 163
experiment  89.6, 72.7, 110 80.5, 166,
96.4 78.9 73.9 167
—E XRISM & 89.05 71.49  168.8 101.5 164
XRISM 2 88.8, 75.8 - 101.1, 96,
93.7 96.7 108
3DRISM 90.2 — - 93.5 108
—-H XRISM & 94.1, 75.0 105.7, 96,
93.6 94.1 108
3DRISM 95.6 — 98.9 108
experiment  99.9, 80.3, 88.2, 166,
106.6 86.6 81.8 167

aExtended Reference Interaction Site Model.

the solvent on the solvation effects. Let us consider particular
examples of the calculation of free energy of solvation of an ion
with the charge Q in a spherical cavity with the radius a.
According to Born,* the medium around the cavity is charac-
terised by an invariable dielectric constant, ¢,, while the free
energy of solvation is determined by the following relation:

(36)

In this equation, the cavity radius « should be considered as
some effective value. Direct use of crystallographic ionic radii
gives unsatisfactory results. It has been shown 7 that for ions

g/n
16

12

Figure 5. Dependences of the atom—atom (Na—Na) correlation func-
tion g (I, 1’) and the coordination number n (2, 2") on the distance
between the centres of the sodium ions solvated in ammonia.'¢®

The dashed line corresponds to the classical MD calculation and the
continuous line shows the QM/MM calculation.

AF [kcal mol—!
2.0

1.5
-——=7

1.0 °2
3

0.5

R/A

Figure 6. Free energy AF of the hydrated proton vs. its coordinate R
relative to the midpoint of the O —O bond.!®®
(1) energy at 300 K, (2) QM calculation, (3) MD calculation.

with a rather large size, relation (22) is converted into the Born
formula with ¢ = rmax, where rmax is the distance from the ion
centre to the first maximum of the radial distribution function
g(r). The difference between the values of free energy of hydration
of spherical ions found using the Born approximation and by
direct solution of the RISM equations for C1* and Cl~ ions is less
than 12%.16° By applying various corrections to formula (36), one
can attain a satisfactory agreement between the calculation data
and experimental results for a large number of monoatomic
ions. %0 160171 The situation regarding the separation of the
enthalpy AH and entropy TAI contributions to the Gibbs free
energy

AG = AH—TAT. (37)

is less successful.

Even in complex calculations of the solvation effects, the use
of experimental data on the temperature and pressure depend-
ences of the dielectric constant &o(7,P) makes it possible to reach
quantitative agreement with experimental thermodynamic data
(see Table 3).

Direct MD and MC calculations for the free energies of
solvation of polyatomic ions with non-spherical shapes have
been reported.!? 172173 Successful implementation of these calcu-
lations requires that thorough parametrisation of the Lennard-
Jones interaction between atoms of the solute and solvent particles
be carried out. Apparently, the dependence of this parametrisa-
tion on the partial electric charge on atoms of the ionic solute
should also be carried out.!”* However, the problem of selection of
appropriate parameters is appreciably complicated by great
scatter of experimental data obtained by different researchers for
ionic systems.

For qualitative understanding of the solvation effects at the
molecular level, it is expedient to continue with the discussion of
the solvation models of spherical ions. In doing this, one can see
that explicit allowance made for the molecular structure of the
solvent changes the theoretical views on the free energy of
solvation.

Figure 7 shows the scheme of the concentric two-sphere model
of solvation.!7*~ 177 Inside a cavity with the radius a,, the dielectric
constant is equal to unity, while in the outer region, outside the
sphere with the radius «, , the dielectric constant is determined by
the solvent and is equal to &, . The intermediate space between the
inner and outer boundaries contains a layer with ¢, (the optical
dielectric constant). For this model, the free energy of solvation is
equal to
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& = &
Figure 7. Scheme of the two-sphere model of solvation.
0? 1\1 1
AG=—-—=|({1—— |—+C—], (38)
2 £y Jay a,

where C is the Pekar factor,

c=L 1 (39)

& &0

In the non-local extension of the Born model, the dielectric
constant is specified by the function ¢(k). In this case, the
following approximate relation holds: 24~2°

_ QzT sin® ka 1
AG === | dk =55 |1 Gk (40)

while for the simple Lorentzian model of the dielectric function
2(k) [see Eqn (10)] with 5, = (1 — &3} )/4n, the following exact
expression has been derived:3!

2
AG:f%(lfi)f (41)

Exn

@ 1+ V/eo/o.. lcoth(a/s) — </d

2 14 \/ey/e [coth(a/s) —c/a] + \/e o, [eo(s/a) ’

In the MSA theory, according to which the solvent molecules
are modelled as hard spheres with dipole moment m, the free
energy of solvation is given by 101.178

_ 1\ ¢
AG,_(l_%)ZQH, 42)

where a is the effective radius of the solute, ¢ is the correction to
radius a, which depends on the temperature and is expressed in
terms of m or g, as the solution of the non-linear Wertheim
equation.!”?

Relations (38)—(42) clearly demonstrate the influence of the
solvent structure. In particular, in the last three models, the
expression for the free energy of solvation is reduced to the Born
formula (36) in the limit where the characteristic size of the solvent
particles (the correlation length in the non-local models or the
radius ¢ in the MSA model) is much smaller than the radius of the
solvated ion. The opposite limit is also of certain interest. Detailed
discussion of these asymptotic expressions and their comparison
with experiment have been reported !76-177- 180,181 and supple-
mented by qualitative interpretation on the basis of molecular
modelling. 182183

The solvation of polyatomic ions is also studied on the basis of
integral equations using the RISM method. The calculations
based on the molecular integral equations (25) are laborious and
it was not until recently that they started to be actively used to
study the solvation of polyatomic ions.'$* Note that even for an
infinitely dilute solution, the standard RISM model should be
modified for well-posed allowance for the dielectric shielding
effects, because it results in a false estimate of the dielectric
constant of the solvent. To eliminate this drawback, in the
XRISM model,'® it is proposed to renormalise the Coulomb
interaction of ions in solution assuming that

_ Agags

U(rap) = ———

I'AB
Here, the constant A is selected in such a way as to provide finally
the required dielectric constant & . In practice, the constant A4 is
determined from experimental data. Usually, it differs little from
unity (for water, 4 ~ 0.98), and this modification of the Coulomb
potentials has only a slight influence on the thermodynamic
parameters of the liquid. The XRISM calculations of the hydra-
tion of various ions provide qualitative agreement between the
theory and experiment (see Table 3). Generally, these calculations
give reliable information concerning various structural character-
istics of hydrated ions. The activation energy AE for transfer of a
water molecule from the region near the ion to the region of pure
solvent has been calculated.'®> These data are consistent with
experiment.!%4

In the case of finite concentrations of solvated ions, the
standard RISM and XRISM models lead to incorrect results,
because the approximation of the linear response of the system to
the external field created by a solvated molecule is violated. At low
concentrations of ions, the plasma parameter

(=
'p
[ls = €*/(¢kpT) is the Bjerrum length, rp is the Debye radius] is
small and the linear response approximation is plausible. How-
ever, at high concentrations of solvated ions, the plasma param-
eter is no longer small (for NaCl concentrations of about
0.05 mol litre~!in water, { ~ 0.5). Hence, the ion-induced poten-
tial does not follow a linear dependence on the ion concentration
and cannot be taken into account by mere renormalisation of the
Coulomb interaction. For this case, the DRISM (Dielectric
RISM) model has been developed;!#¢ in this model, the dielectric
constant is included in the closure equation as the initial data. The
calculations carried out using this model make it possible to
estimate rather adequately the free energy and the salting-out
coefficients for various concentrated salts.!87 It is noteworthy that
DRISM calculations are needed in those cases where microscopic
changes in the interaction of ions with a solvated macromolecule
give rise to conformational rearrangements in the molecule, which
involve rather large space.

In recent years, attempts have been made to use the 3DRISM
models 194197 or the method of molecular integral equations %8 to
take into account the effect of the orientational correlations on the
solvent structure near a polyatomic ion. Figure 8 shows the local
structure of water around the Na™ —Na™ ion pair calculated in
terms of the 3DRISM model.!® The deviation of the results
obtained on the basis of this model from the results of MC and
MD calculations is insignificant. Apparently, more accurate
calculations could be carried out with appropriate calibration of
the interaction potentials. Yet another promising route is to take
into account the changes in the electronic structure of solvated
ions caused by interaction with the solvent.
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Figure 8. Molecule—atom ion—oxygen («) and ion—hydrogen (b) corre-
lation functions for the Na* —Na™ pair in water.!8?
The x, y, z coordinates of the sodium ions are +2.05, 0 and 0, respectively.

VIII. Polar molecules

The calculations of solvation for polar molecules are carried out in
the same way as for ions. In the case of polar solutes, the effects of
cutting-off the Coulomb interactions are usually neglected on the
ground that the resultant electric field decays rather rapidly for
these systems, i.e., its potential

@o(R—> 0)oc R, nx=3,

Figure 9. Electrostatic potential ¢ near the polar solute in water.%>
(1) calculation by the Ewald method, (2) calculation for the cluster of 1024
water molecules by the standard MD method.

and the errors caused by the cutting-off effects are insignificant.
However, accurate calculations for polarisable solutes '°° have
shown that the way of cutting-off the potential ¢(R) still influen-
ces, although to a lesser extent, the induced charge of the solvent
molecule and, hence, the calculated thermodynamic and struc-
tural properties of the system. Figure 9 shows the electrostatic
potential around a polar solute in water.%>

The modern trends in such studies take into account the many-
particle interactions caused by the solute-induced polarisation of
the solvent and turn to polarisable models of polar liquids (see, for
example, Refs 191—193). These models (unlike non-polarisable
ones) permit well-posed simulation of various processes in bio-
logical systems: electron transfer, solvatochromic changes of the
electronic and vibronic spectra, etc. The results of computation of
various characteristics of water in terms of polarisable and non-
polarisable models of the solute and those found experimentally
are summarised in Table 4. Richardi er al.'®8 carried out compu-
tations within the framework of the same molecular model of
water but on the basis of different methods. It can be seen that
approximation (29) simulates rather closely statistic and dynamic
characteristics of liquid water; the calculation of pressure is faced
with difficulties because this value is determined by the balance of
repulsion and attraction forces between molecules and is sensitive
to the way of cutting-off the Coulomb potentials.

Currently, the most reliable estimates of the free energy of
solvation of polar molecules are based on continuum models.
Comparison of the theoretical and experimental data has shown

Table 4. Calculated and experimental values for the internal energy (U ), pressure (P ), dipole moment of the molecule (m), self-diffusion coefficient (D),
relaxation time in the NMR method (tnmr), density (p) and dielectric constants (g9, £5) of water.

U /kcalmol ! P /kbar m /D 10-°D /m?s—! TNMR /DS plgem—3 0 g0 Ref.
Calculation methods
—9.86 0.02 2.62 2.0+0.03 22 — - — 1902
—10.21 —0.7 2.66 1.5+0.01 2.8 — — — 190°
—-9.92 -29 2.62 1.8+0.03 2.1 — - — 190¢
—-9.92 — 2.712 1.81+0.06 2.6 0.997 98 +8 1.689 193
—9.89 — 2.6 1.9+0.1 2.1 1.014 79 +8 1.592 194
—9.87 — 2.29 2.62+0.04 1.4 0.999 8242 1.0 195
—10.40 — 3.01 — — 1.02 — — 196
Experiment
—-9.92 — — 2.3 2.1 0.997 78.3 1.79 197-201

4 Calculation in terms of the Ewald method. ® Calculation using the cut-off Coulomb potential. ¢ Calculation using the reactive field method.
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that the difference between these values does not exceed 20%. This
result is attained due to thorough parametrisation of models.
However, at present, the continuum approaches tend to be
upgraded, the modern phase in the modelling of solvation being
characterised by active use of hybrid schemes. These schemes may
include QM/MM computations 292 or the calculations in which
some of the water molecules are explicitly taken into account,
while other water molecules are taken into account in terms of a
continuum approach.?%3 The results point to a higher efficiency of
hybrid procedures compared to the conventional procedures of
the continuum theory (see Table 2). For instance, calculations of
the solvation of the CI'-.-Cl~ complex based on a hybrid MD/
CM model made it possible to estimate the electrostatic contribu-
tion to the free energy of solvation to within 1 kcal mol—! (see
Ref. 122).

General equation (34) of the thermodynamic integration
method can be regarded as an estimate for the change in the free
energy related to the transition of the solvation system from one
state to another; this change is described by the parameter 1. The
selection of 4 is rather free. It can be described as a multidimen-
sional vector whose components correspond to different contri-
butions to the free energy of the system. With this interpretation,
thermodynamic integration is widely used for estimating the role
of Coulomb contributions to the free energy of solvation (see, for
example, Refs 83, 85). It can also be applied for estimating the
changes in the free energy caused by quantum effects. For
example, this procedure has been used 2°* to assess the quantum
corrections to AG; relying on the data of classical modelling as the
initial conditions.

The method of integral equations also allows one to calculate
the structural characteristics of solvation of polar molecules;
however, the accuracy of the results obtained using the standard
integral equations described above is much lower than in the MC
or MD computations. This drawback is partially compensated by
the relative ease of calculation of the solvation of large biomacro-
molecules. Thus for a fixed double helix conformation, RISM
computations of hydration of a DNA fragment composed of
315 atoms 2% and a mellitin molecule containing 436 atoms have
been carried out.?%° A calbindin molecule containing 722 atoms
has been considered in a similar way.?°” In the general case, the
conformation of a biomacromolecule can be found by a self-
consistent procedure based on hybrid calculations of the IMCF by
the MC method and numerical solution of the RISM equa-
tions.208-211 At present, such calculations are carried out for
peptides containing ~ 20 to 200 atoms. Figure 10 shows one of
the conformations found for the hydrated C-peptide of ribo-
nuclease A.2!!

Yet another version of hybrid calculations are those done for
solvated molecules in which the electronic structure of the solute is
calculated by quantum chemistry techniques, while the spatial

Figure 10. The most favourable conformation of C-peptide in aqueous
solution.?!!
The arrows mark amino acids.

structure of the solvent is determined by the method of integral
equations.?'2~220 Table 2 shows the results of calculations of AG,
on the basis of SCF—RISM computations (XSOL).'® In this
case, as in MC calculations, only qualitative agreement with
experimental data is attained. As noted above, this is due to an
ill-posed allowance made for the molecular orientations in the
standard RISM procedure. Apparently, the results could be
markedly improved by using the 3DRISM model or by solving
the molecular integral equations. The conduction of such hybrid
calculations has started only recently.?!7-218

IX. Solvated quantum particles

In a study of solvation of a light quantum particle, an excess
electron is considered most often. The interest in this type of
studies is caused by two factors. First, such a quantum-and-
classical hybrid system is convenient for demonstrating the
potential of various hybrid schemes. Second, development of
experimental procedures and the large amount of accumulated
data on the behaviour of solvated electron (e,) in various media 22!
resulted in considering e, as a unique test particle for testing the
solution microstructure.

Early investigations of the solvated electron were based on the
continuum approach;??? it was assumed that e, exists in a cavity
surrounded by a dielectric medium with the constant e. With this
definition, the problem was reduced to the solution of the
Schrédinger equation in the self-consistent field Vy for the
single-electron wave function ¢(r). An alternative approach is to
calculate the e, characteristics on the basis of methods of the
MC ?23-226 or MD quantum model (QMD).?27-233 The applica-
tion of these methods is based on the fact that the problem of the
behaviour of a quantum particle in a liquid can be reduced to the
equivalent problem of calculation of a classical polymer chain.?3*
A large number of calculations for the solvated electron in
water,?2” ammonia 22> and metal—ammonia solutions?3> have
been reported. The results obtained are in good agreement with
one another and correspond to experimental estimates. The
modern studies also include SCF calculations, which take into
account the discrete description of the solvent based on the
method of integral equations.?3¢~23° Detailed discussion of the
application of these approaches has been reported;?37-240 we will
give only a brief outline of the calculation scheme. The interaction
of the electron with molecules of the liquid results in redistribution
of the solvent molecules, which is found from the electron—atom
correlation functions /. (r) by solving integral equations 24!

phes(R) = Z Jjwe(l‘)cej(\r — )z (IF — R|)drdr’, (43)
J

where w,(r) is the electronic CF, which is a quantum analogue of

the IMCF; ¢(r) is the direct electron—atom CF, y;(r) is the

generalised susceptibility of the pure solvent. The electron corre-

lation function w, (r) is related to the electron wave function as 237

(r) =~ ¢(r)

and can be calculated by the variation method 24!-242 or by solving
the Schrédinger equation with the potential V,s.237 These studies
of the hydrated electron (e;,) provide estimates for the energy and
structural characteristics,?*!- 242 which are in good agreement with
experimental data: the calculated chemical potential e;, (see Ref.
241) differs from the experimental one 243 by only 1%.

Yet another interesting example of the solvation of quantum
particles is study of the bipolaron — two excess electrons that
form a bound state — a ‘quasi-molecule’. Apparently, Feng et
al.>** were the first to investigate this problem in detail for a
number of liquids on the basis of the continuum approach. The
numerical investigations by the MC method for water 243 and for
metal —ammonia solutions 23> have shown that the bipolaron
states are stable in water and in metal —ammonia solutions at a
metal concentration of < 1%. As the concentration increases, the
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Table 5. Kinetic (Ex), potential (E,) and total ( E,) energies, chemical
potential (u) and average radius (r,) of the hydrated electron and
bipolaron calculated by various methods.

Method Ec/eV E,/eN  E eV pleV re/A  Ref.

Electron

QMD 2.2 —5.0 —2.8 —2.2 2.1 227

QMD 1.8 —3.6 —1.8 — 2.4 236

MSA 1.33 —5.57 —4.24 —1.13 2.5 238

MSA 1.8 —3.6 —1.8 — 22 236

RISM 1.84 —6.08 —4.26 —0.96 2.9 242

Bipolaron

QMD 4.05 —16.4 —-7.71 —1.57 2.6 245
(H20)2s6

MSA 2.34 —10.62 —9.67 —2.27 2.7 238

triplet state of the bipolaron decays, which is observed exper-
imentally as a sharp decrease in the magnetic susceptibility.>*¢ On
further increase in the metal concentration, bipolarons are clus-
tered and the electrons become delocalised.?3%-247

Both solvated electrons and bipolarons were studied using a
hybrid approach which included the calculation of the electron
structure by the density functional method and the solvent
structure by the method of integral equations.?3® Table 5 presents
the main energy parameters of the hydrated electron and bipo-
laron calculated by various methods, while Fig. 11 presents the
electron—solvent correlation functions g(r,0 = 0) for a singlet
bipolaron and an electron solvated in a model polar liquid
consisting of hard spheres. Qualitative analysis has shown 243
that in the general case, the free energy functional includes various
factors. The entropy contribution involved in the excluded volume
cavity around the solute decreases the average radius of the
bipolaron and favours an increase in its bond energy. The
contribution caused by dielectric shielding produces an opposite
effect. The competition of two contributions determines the
stability condition for the bipolaron. The electron—electron
correlations also result in an increase in the entropy factor due to
the effects related to the formation of an ‘exchange-correlation
hole’ and finally promote an increase in the bond energy. The
calculations showed that bipolaron singlet states are stable in most
polar liquids under normal conditions (Fig. 12).

The simplest example of a solvated quantum particle is
positronium (Ps). This neutral quasi-atom consists of an electron
and a positron. Like atomic hydrogen, positronium has two spin
states separated in energy, namely, a singlet state (parapositro-

g
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Figure 11. Electron—solvent correlation function g(r, 0 = 0) in the spher-
ical coordinates for an electron (/ ) and a singlet bipolaron (2) solvated in a
polar liquid as solid spheres with the radius ¢ = 3.15A and the dipole
moment m = 1.6 D with the value pa® = 0.9 (p is the average density of
the solvent) at T = 233 K.>38
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Figure 12. Diagram of bipolaron decomposition into single solvated
electrons.?3®

Bipolarons are stable in the regions below the lines and decompose with
temperature rise.

0063 0.8 (1),0.9 (2), 1.0 (3).

nium) and a triplet state (orthopositronium). The interest in the
study of this quasi-particle is related to the fact that, due to its
electroneutrality, this particle can serve as a ‘probe’ for determin-
ing the character of molecular surfaces, the orientation of mole-
cules in the liquid, and so on. Most often, continuum models are
employed in the calculations of positronium. For example, a
model taking into account the molecular structure of only the
first coordination sphere of Ps has been considered.?#%-23° Monte
Carlo calculations for positronium solutions 2°! and for distribu-
tion of the Ps density in water have also been carried out.>>> A
hybrid scheme for the calculation of hydrated positronium
including self-consistent DFT computations of the distribution
of the Ps density and the calculation of water microstructure by
the method of integral equations has been developed.?>* The
obtained results are consistent with experimental data. Figure 13
shows the Ps—H and Ps—O atom—atom correlation functions
calculated for normal conditions. The form of these functions is
typical of neutral solutes; however, in the case of positronium,
they are smoother than in the case of neutral atoms. The
procedure similar to that described in the study cited 2°3 is fairly
versatile and can be used for solving a broad range of problems
related to the study of solvated positronium.

—0.5

—1.0 1 1 |
0 3 6 r/A

Figure 13. Correlation functions Ps—H (/) and Ps—O (2) for the posi-
tronium hydrated at room temperature.?>3

X. Tautomeric and conformational equilibria

The main goal of most molecular models of solvation is to study
the conformational, tautomeric and other transformations of the
solutes and to elucidate the conditions of formation of their
dimers or other complexes. The scope of application of molecular
models is very broad; therefore, without going into details, we
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would only note characteristic features of the computation pro-
tocols involved.

Examples of application of the molecular models of solvation
were given in the review.® This list is not exhaustive but
continuum approaches clearly predominate. They are included
in most packages of quantum-chemical programs and are most
important in the study of binding of various ligands to the solute
and in the studies related to the problem of ‘recognition’ in
biomacromolecular reactions.?%% 2%

In the case of continuum methods, several preferable schemes
can be distinguished. Comparison of the calculations of the
conformations of various peptides has shown %3¢ that the GBSA
model and the continuum calculations based on the solution of the
Poisson — Boltzmann equation are best suited for the modelling of
conformations. The corresponding estimates of the energy of
conformational transitions give an error not exceeding
1-2 kcal mol~—! (see Ref. 256). The continuum models with
distance-dependent ¢(r) are less suitable for these purposes. The
accuracy of calculations in terms of the GBSA model depends
appreciably on the approximation of the cavity.*’ The calcula-
tions in which the whole region occupied by the solute is
approximated as a single spherical or ellipsoidal cavity produce
unrealistic results.

At present, various hybrid methods are used in which the
electronic structure of the solute is calculated without taking into
account the medium, then charge distribution on the solute is
determined and, finally, the local structure of the solvent for the
resulting charge distribution is calculated in terms of the MD or
MC procedures.?>” Unlike the continuum approaches, these
calculations allow, in principle, not only estimation of the energy
of conformational transitions and stability of the conformers but
also determination of the enthalpy and entropy contributions to
AG and the temperature dependence of the conformational
transitions. They also provide the possibility of determining the
accuracy of the classical molecular models. Comparison of the
calculations using classical and hybrid models has shown, in
particular, that the former give unsatisfactory results in the study
of solvation of transition metal ions and polarisation of the solute
molecule, while the latter produce more realistic results.?8

In recent years, studies have been reported (see, for example,
Refs 212—214) in which solvation was calculated in terms of a
hybrid self-consistent procedure where the electronic structure of
a conformer or a tautomer was calculated by quantum-chemical
methods and the solvent microstructure was calculated by solving
integral equations. These RISM — SCF models allow one to study
chemical reactions in molecular liquids. The calculations were
carried out for solute isomerisation in water 213229 and tautomer-
isation in acetylacetone.?!® The absolute values of the solvation
parameters determined on the basis of integral equations do not
always correspond to experimental data; however, such estimates

Table 6. Thermodynamic characteristics (kcalmol—') of some reactions
for solute molecules.

Reaction Solvent AG AH TAT Ref.
Tautomer- H,O —1.37 —6.05 —4.6 219
isation of (—0.98) (2.7£0.3) (3.7)
acetyl- DMSO 0.14 0.55 0.41 219
acetone (0.29) (1.84+0.2) (1.5)
CCly 0.11 1.02 0.91 219
(1.74) (2.5+£0.3) (0.8)
pyridine H,O -39 — - 159
(—4.64+0.8)
Anomerisa- H,O —3.23 —4.20 —0.96 213
tion

Note. The values in parentheses are experimental results.

are rather efficient for predicting thermodynamic and structural
characteristics of the solvated complexes in various reactions
(Table 6). In general, they are markedly more accurate than
continuum models and almost as accurate as hybrid methods.

XI. Electronic spectra and solvatochromic shifts

The most detailed simulation of electronic spectra was carried out
for the solvated electron. The absorption spectra of the solvated
electron in ammonia,?®* methanol,?®® water??®> and heavy
water 232 were calculated. The resulting dependences of the
absorption maximum and the peak width on the temperature
and solvent density are in quantitative agreement with experimen-
tal results. The isotope effects 232 and the dynamics of variation of
the spectrum 2% have been studied in terms of nonadiabatic >>°
and adiabatic 2** MD calculations. Simulation of the spectra of
the solvated electron by the method of integral equations has been
reported. These calculations also reproduce adequately the influ-
ence of temperature and ion concentration on the pattern of the
absorption spectrum.?¢! Figure 14 shows the calculated and
experimental values for the shift of the absorption maximum of
the hydrated electron in aqueous solutions of LiCl, MgCl, and
LiClO, .

AE [eV
0.10

0.05

0.4 0.8 1.2 1.6 ¢ /mollitre—!
Figure 14. Shift of the maximum in the absorption spectrum of the
hydrated electron in water —salt solutions depending on the salt concen-
tration;

(1) calculation,?®! (2) experiment.262

Study of the solvatochromic shifts occupies an important
place, especially in organic chemistry. There exists a correlation
between the solvatochromic shift and the rates of chemical
reactions in polar solvents.!-2¢3 The possibility of constructing
polarity scales and using chromophores as probes for determining
the relative polarity of the solvent has long been discussed.! The
data obtained in this way provide much more detailed knowledge
of the intermolecular potentials than conventional dielectric
measurements, as solvatochromic shifts are sensitive to both
electrostatic and short-range interactions.

We will briefly discuss some features of calculation of these
shifts using betaine-30 as an example. The simplest approach used
is based on the mean-spherical approximation,?%* according to
which the solvatochromic shift (v,) and the free energy of solvation
(AG) are related as follows

(44)

where m, and m, are the dipole moments of the solute in the
ground and excited states, respectively. The free energy of
solvation depends, in turn, on the size of the solute « and the
dielectric constant of the liquid

AG :f(87 a):
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the calculation of the function f(e,a) according to the MSA
method presents no difficulty.?65 Using this approximation and
relation (44), the solvatochromic shifts of betaine-30 in 110
solvents were found;2%* the average deviation of the calculated
values from experimental ones did not exceed 10%. It should be
emphasised that two important points were taken into account,
namely, the change in the dipole moment of the solute upon
optical excitation and the predominant role of electrostatic
interactions between the solute and the solvent.

It was shown using simple estimates 2¢ that the contributions
of the dispersion and induction interactions are also significant for
the calculation of solvatochromic shifts. However, the results of
calculation for betaine-30267 where these interactions were taken
into account indicate that electrostatic interactions play crucial
role in the appearance of this shift, which is mainly determined by
the change in the dipole moment of the solute. The simplest
approximation that assumes proportionality between the solva-
tochromic shift and the dipole moment 267 leads to satisfactory
results consistent with experimental data, although it is less
accurate than hybrid calculations (Table 7). Shoeib et al.'7? have
attempted to include additionally the contribution of the electron
polarisation of the solute by means of an appropriate renormal-
isation of the free energy of solvation. However, comparison of
the data obtained by Chong and Hirata !9 with the results of
hybrid calculations 267 has shown that for this method, the role of
electron polarisation is overestimated. According to calcula-
tions,2%7 the contribution of the electron polarisation to the
solvatochromic shift does not exceed 5%.

Table 7. Solvatochromic shift (cm™") for betaine-30 in various solvents
according to experimental data2°® and calculations by various
methods. 172267

Solvent Experiment Calculation by Calcula-
tion by
INDO?® RISM Eqn (44)
Carbon tetrachloride - 410 31 170
Chloroform - 920 570 850
Acetone 1490 2730 - 1170
Acetonitrile 1160 4260 790 1510
Ethanol 2170 3070 - 2110
Methanol 2140 3570 2930 2510

a Semiempirical quantum-chemical calculation.

In some publications, the solvatochromic shifts have been
studied in terms of hybrid models.2%°~27! Detailed self-consistent
calculations 27! demonstrated that accounting of the solvent can
be restricted to the first coordination sphere of the solute (Fig. 15).

Finally, we will consider the dynamics of Stokes shifts.
Continuum models are successfully used to study the dynamics
of solvation phenomena; the complex dielectric constant ¢(w) is
used in these cases as a dynamic characteristic. Simple
models 272-274 have used the Debye parametrisation

. &) — €4
o(0) =& 1 —itpw’

where ¢, and ¢, are the static and optical dielectric constants of
the solvent, tp is the Debye relaxation time for the spherical
approximation of the shape of the solute. There are different ways
of modernisation of the Born model: more complex multimode
parametrisation of the dielectric function, allowance made for the
non-spherical shape of the solute molecule, account taken of the
non-local electrostatic effects (as noted above, the last-mentioned
point allows one to include the molecular structure of the solvent
in the calculation scheme). The influence of the solute shape on the
dynamics of Stokes shifts was first studied for the ellipsoidal
cavities around the solute molecule 27%-27¢ and then for cavities

A [em—1
0b ° 1
A2
o o 3
A o 4
—100 o
o0
o
200 |, ° e . o
B a% 4 a4 a a
°
—300 o mO
o
°
—400 1 1 * © 9 ¢ 1 1
0 5 10 15 20 25 N

Figure 15. Calculated solvatochromic shift (A) vs. the number of solvent
molecules (N) included in the quantum-chemical calculation.?”!

(1) H20, (2) cyclo-CsH 12, (3) C¢Hg, (4) CCly; the dark dots show the data
for the first coordination sphere of the solute.

having an arbitrary shape.?’”-278 The molecular structure of the
solvent was studied within the framework of the MSA
method 27°-28! and by other methods,?%?-2%3 and also using non-
local models.284 However, in all of these calculations, the solute
was assumed to be spherical. Early studies were mainly concerned
with the asymptotic behaviour of the temporal correlation func-
tions and the possibility of determining these functions from
experimental data using the Stokes shift.272.273,276,282,283 The
calculation could be improved if the data on the behaviour of the
dielectric function in the region of medium and high frequencies,
especially in the far infrared range, were available.?7278.285 An
upgraded continuum model has been used to perform a systematic
study 286 of the influence of various factors on the dynamics of the
Stokes shifts. In particular, the influence of the solute shape was
studied in terms of single- and two-sphere models of the cavity
surrounding the solute;!”” the intermediate spherical layer simu-
lated the first coordination sphere of the solute. Yet another factor
affecting the Stokes shift is related to the non-local effect.?!33 The
simpler models of the cavity predict simple monoexponential
kinetics of the shift for Debye solvents where a single relaxation
mode of the medium is considered.?’?27* This drawback is
eliminated by taking into account either non-sphericity of the
cavity 27%-276-278 or the multimode relaxation of the medium. In
the latter case, the kinetics 28 is polyexponential and the results of
calculations based on the local approach depend only slightly on
the shape of the cavity. These calculations adequately reproduce
the experimental data in the case where detailed information on
the change in the dielectric constant is used as the input informa-
tion.275-278.286

A more complex situation arises when the MSA model and
the non-local theories are used. Even for Debye solvents and
spherical solutes, the calculations lead to polyexponential
kinetics.?7?~281-286 The local and non-local models produce differ-
ent results. In non-local models, the oscillations of the correlation
functionsinthe 0.1 ps < ¢ < 1 nsrange are smoother than in local
approaches. These oscillations, which are not typical of the
changes in the Stokes shifts observed experimentally, arise in all
local models irrespective of the approximation of the solute shape.
Another important difference is related to the asymptotic behav-
iour of the correlation functions. Non-local models yield much
longer relaxation times than local models.8¢

XII. Electron transfer

Electron transfer plays a key role in many chemical and biological
processes,?8” and study of the electron transfer occupies an
important place among applications of the molecular models of
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solvation. The most important characteristic of this process is the
rate constant for transfer K . In the Frank — Condon approxima-
tion in which the matrix element of the electron transition ¥ does
not depend on the nuclear coordinates, the constant can be found
from the following equation:287 289

o 2
Ka= Vé@exp -HET B 45)

where E, is the reorganisation energy, AF° is the free energy of the
reaction. The reorganisation energy is composed of the inner-
sphere (i.e., related to the internal degrees of freedom of the solute)
and the outer-sphere (i.e., related to the rearrangement of the
solvent structure) components. In the continuum approach for
spherically symmetrical charge distributions on the donor and the
acceptor, outer-sphere reorganisation energy is often found from
the equation 287

1 1 1
E =CAf | —+——— 46
= O (54 5~ 7 ) (46)

where C is the Pekar factor, Aq is the charge being transferred, ap
and a, are the effective radii for the donor and the acceptor, and
Rp, is the distance of transfer. There exist numerous procedures
for extending expressions (45) and (46) that take into account the
real shape of the solute, quantum effects, deviations from the
Frank —Condon approximation, and so on.?*° In particular, for
the intramolecular transfer of an electron, the influence of high-
frequency quantum modes of the solute is commonly taken into
account in an explicit form.?! =28 However, in this case, too, the
reorganisation energy E, and the matrix element V still remain
the key characteristics of the electron transfer. The problem is to
elucidate the dependence of these values on the molecular and
thermodynamic parameters of the surrounding medium. Here we
discuss only aspects of the electron transfer concerned with its
simulation on the basis of microscopic models and upgraded
continuum theories.

Some effects cannot, in principle, be taken into account within
the bounds of the continuum electrostatic models of the medium.
These include, for example, the temperature dependence of the
reorganisation energy. It can be included in a standard continuum
calculation only through the temperature dependence of the
dielectric constant of the solvent. However, this type of modelling
is inefficient: the reorganisation energy really decreases with
temperature rise,>®> whereas the theoretical estimate based on
the data on the dielectric constant predicts an increase in this
energy. The error of calculation is due to neglect of the temper-
ature dependence of the size of the cavity occupied by the solute.
The size and the shape of the cavity are fixed in the continuum
calculation and only transition to the molecular description of the
solvent provides the possibility of reproducing the desired effect.

The continuum theory (in the local electrostatic variant) also
cannot explain the presence of a noticeable outer-sphere reorgan-
isation energy in non-polar solvents (benzene, dioxane, etc.),
whose molecules are devoid of a permanent dipole moment. In
these media, ¢ ., = ¢, and the Pekar factor C is equal to zero, while
the reorganisation energies found experimentally are equal to
0.1-0.2 eV.>3

The simplest way of correcting the continuum calculations is
to use the mean-spherical approximation for the solute model as
hard spheres with an electric charge (on the solute) or a dipole
moment (for solvent molecules). This approximation allows one
not only to calculate the reorganisation energy but also to estimate
correctly its temperature dependence (Table 8); however, its use is
restricted by the assumption concerning the spherical shape of the
solute inherent in the MSA theory. This version of the MSA model
has also been used 2°%-2°7 to study the reorganisation energy for
the same solute (approximated by a sphere) in a series of solvents
with different polarity including non-polar solvents.?°%2°7 An
alternative way of upgrading the continuum theory 2°8 is to detail

Table 8. Calculated and experimental temperature characteristics of the
free energy of solvation (AG) and reorganisation energy (E,) for (tetra-

hydro-4H-thiopyran-4-ylidene)propanedinitrile ~ dissolved in aceto-
nitrile.?”?

. TOE, TOAG
Model alA AG [eV ar /eV or eV
Continuum 4.52 4.64 0.03 0.10
MSA 4.50 4.39 —0.19 0.37
Experiment — — —0.23 0.32

the dielectric model of the medium. The solute is assumed to be
surrounded by two cavities with different dielectric constants,
namely, high-frequency and static ones (see Fig. 7). The cavities
are constructed in the same way as in the PCM method. The
modernised model explicitly takes into account the electronic
structure and the real shape of the solute and implicitly, the
molecular structure of the solvent in terms of the parameters of
the cavity, i.e., the dielectric constants and the atom radii r
and ry,

Iy = kiryaw. (47)
Fin = 0+ oo s

where k is a universal scale factor, ryqw is the van der Waals
radius, and ¢ depends on the particular solvent. This model can be
used to calculate the reorganisation energy and the matrix element
of transfer if these values depend little on the details of molecular
structure around the solute. The optimal k and ¢ values are found
by comparing the theoretical and experimental values for the free
energy of solvation of small polyatomic ions.?*® The k and § values
obtained in this way were used to calculate the reorganisation
energies for many reactions of intramolecular electron transfer in
steroid compounds.?*® The results of calculations are consistent
with experimental data,?*! which cannot be reproduced in the
single-cavity model.3%0~302 However, like other continuum theo-
ries, this method cannot describe the temperature dependence of
the reorganisation energy.

The method of integral equations also allows one to take into
account, in an explicit form, the discrete pattern of charge
distribution on the solvent molecules. The reorganisation energy
E; was calculated, in terms of the RISM theory,'”? for betaine-30
solvated in various polar liquids. The results of calculations 172 are
in qualitative agreement with experimental data. Yet another line
in the research into electron transfer related to the effect of the
molecular structure of the solvent on the reorganisation energy is
represented by studies performed by MD calculations.303-306
These works dealt with calculations of the diabatic surfaces of
free energy, whose intersection area determines the transfer rate.
In the macroscopic Marcus theory,?7 the potential surfaces of the
reactants and products are parabolic. The MD calculations 303
have shown that the free energy surfaces found are close to
parabolic surfaces, but under certain conditions, the reaction
system behaviour can markedly deviate from the predictions of
the Marcus theory [see Eqns (45) and (46)]. The deviations are
great in the case of polarisation of neutral solutes,3%8-310 j ¢, in
charge separation processes. They have also been observed for
charged asymmetrical systems with different structures of the
donor and acceptor centres.?'! The deviations are assumed to be
due to two compensative factors, namely, electrostriction and
dielectric saturation, both being dependent on the charge of the
reactants.3!> The MD calculations of the reorganisation energy
have now been carried out for several simplified model systems of
electron transfer 3117316 and for complex systems that mimic the
electron transfer in proteins.?!”-318 Compared with routine MD
calculations, these calculations require accurate handling of
Coulomb interactions (see Section V) and taking into account
electron polarisation. The latter is usually simulated by renorm-
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alisation of the reorganisation energy by changing the Pekar
factor C.317

The calculation of the matrix element V., requires thorough
quantum-chemical calculations.?®? 31° The result is sensitive to the
choice of the initial and final diabatic electronic states between
which the transition takes place. It is recommended to localise
these states by the generalised Mulliken — Hush method according
to which they are determined by diagonalisation of the matrix of
the dipole moment of the electron transition.?%%-329 An alternative
method invariant with respect to the choice of the basis states has
also been formulated.?®® For complex biochemical objects, direct
quantum-chemical calculation of the matrix elements V is
impossible; therefore, it was proposed to estimate this matrix
element by calculating the quasi-classical tunnelling flow of
probability.32! 324

The number of works dealing with the effect of the solvent on
the matrix element V., is relatively low (see the review 2°2). These
calculations are based on upgraded continuum models?° or
molecular schemes,?!” which allow one to determine the contri-
bution of the effect of the molecular structure of the solute
(conformation and effective radius) on the Ve value. This is
exemplified in Table 9, which presents the results of calculation
of characteristics of the electron transfer for a number of model
(CHy),, anions. The results confirm the tendency of V,, for
exponential decrease following an increase in the distance Rpa
between the donor and the acceptor, which has been discussed in
the literature.?*°

Table 9. Calculated characteristics of electron transfer for a number of
model (CH;),, anions with the linear structure.?®’

n E, [eV AF JeV 103 Vo JeV Rpa /A
4 0.86 0.035 257.0 3.80
6 1.37 0.28 61.9 6.26
8 1.70 0.41 147 8.74

10 1.92 0.48 3.77 11.23

XIII. Conclusion

The examples considered above of the use of molecular models for
the study of solvation in polar liquids permit one to estimate
qualitatively and, in some cases, even quantitatively the influence
of the solvent on the change in the structural and thermodynamic
properties of solvated particles and to study the physicochemical
processes that accompany solvation. In essence, the molecular
approach is meant to take into account two factors. The first one is
mainly of entropic origin and is related to the excluded volume
effect and the packing of molecules in the nearest environment of
the solute particles. It is a consequence of the finite size of these
particles. The second factor is due to the finite size of the solvent
particles that interact with the solute. Both factors were ignored in
the early solvation theories. In the modern continuum theories,
the former factor is consistently taken into account, in particular,
the size and shape of the solute are considered explicitly by

specifying an excluded volume cavity in the continuum medium. gz 11

This description is valid in the asymptotic limit

size of the solvent particles

size of the solute particles

The theories that are commonly called molecular are beyond
the scope of this restriction.

In the simplest molecular models of solvation, the solute and
solvent particles are considered to be spherical, with point charges
or dipoles at the centre of the sphere. At this level of description, it
is usually possible to obtain analytical expressions or semianalytic

algorithms for the calculation of the response field, the solvation
energy and other values. Abandoning of the spherical approx-
imation, which is absolutely necessary for calculating real systems,
inevitably converts the model physical theory into a cumbersome
computation procedure. The computations are least cumbersome
in the continuum approximation, whereas the use of ‘truly’
molecular calculations (MC or MD) increases the computational
burden by a factor of 10° or more. The calculations of the
correlation functions by the method of integral equations occupy
an intermediate position, as regards laboriousness, in the series of
modern computational methods of the solvation theory.

It is noteworthy that the structure of the medium can be
ignored if the difference between the solute and solvent particles is
much greater than the size of solvent particles. In this case, one can
use hybrid schemes, which smoothly ‘sew together’ the continuum
and molecular modes of the description of solvation effects and
thus reduce the computational burden without substantial
decrease in the reliability of the results obtained.

It is shown using particular examples that molecular models
can be efficiently utilised to study various solvation systems
ranging from salt solutions to dissolved biomacromolecules. The
possibility of developing hybrid schemes in order to take into
account changes in the conformation and the electronic structure
of molecules in the solvent extends the scope of application of
molecular models. The prospects of nanotechnology are associ-
ated with the study of a large number of complex liquids, which
are characterised by high microheterogeneity and diverse supra-
molecular architecture which arises on the mesoscopic scale.??>
The molecular models can serve as peculiar probes in the study of
these mesoscopic structures, and new interesting results may be
expected in this field.
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