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A Langevin continuum model for electrostatic polarization of solvent:
calculations of solvation energies of ions and molecules
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A Langevin continuum model is proposed for performing quantum-chemical calculations
of the interaction energies of solute species with polar solvent. The electrostatic contribution
is estimated in the framework of the dipole approximation using a Langevin-type function
for description of solvent polarization. The parameters of the modcl for water are presented.
Hydration enthalpics of organic ions and neutral polar and nonpolar molecules, whose wave
functions were calcutated in the 6-31G* basis set, are well reproduced using the approach

proposed.
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The development of methods for taking account of
the solvent effect in quantum-chemical calculations of
the structure of solute molecules is a topical line of
investigation in theoretical chemistry. Currently, the
possibilitics of quantum-chemical methods are limited
by consideration of molecular systems consisting of sev-
eral hundreds of atoms. At the same time, reliable
estimates of physicochemical properties of molecuies in
solution can be made only by taking into account i
rather large volume of the solvent around a solute
molecule. This has motivated the development of com-

. bined approaches in which the-classical potentials of the -

solvent are incorporated into schemes of quantum-chemi-
cal calculations of solute molecules.

Two main types of solvent models, discrete and
continuum ones, are used in quantum-chemical caleulfa-
tions of the reactivity of compounds. In discrete (micro-
scopic) models, the solvent is considered as a set of

individual species, whereas macroscopic quantitics that
describe the properties of a medium are used in con-
tinvum models.}—% When simulating the solvent effect,
it is the most important to correctly account for the
long-range clectrostatic interactions.

In this regard the known continuum models can be
divided into two main groups. In the first group of models
the solvent potential is calculated using the generalized
Born formula.5—8 In the second (the largest) group of
models, in which the self-consistent reaction field (SCRF)
approximation is used, the potential of charges induced on
-the surface of a cavity -formed by the solute molecule in
the dielectric continuum is calculated (see, e.g., Refs. 4,
9—13, and references cited therein). Among microscopic
approaches, the model of Langevin dipoles (LD) is most
widely used. In this model, electrostatic interactions in so-
lution are described in the dipole approximation using ani-
tytical functions of the Langevin type 21416
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Both microscopic and continuum approaches have
their advantages and drawbacks and currently there is no
universal model for solvation, which in all cases would
make it possible to adequately describe the interaction
of solute molecules with the solvent.

In this work we present the methods and results of
calculations of the energies of solutc—solvent interac-
tion in the framework of the Langevin continuum model
(LC model). In this model, electrostatic polarization of
the solvent is described by a Langevin type function,
which makes it possible to effectively calculate the char-
acteristics of nonspecific solvation of large molecules.

Calculation procedure

in the gencral case of nonspecific solvation, the free
solvation energy of a molecule (AG, ) can be represented as
the sum of electrostatic {AG,) and nonpolar (AGy,) contribu-

Al = AGcI + Aan- (1)

The electrostatic term makes the largest (in absolute valuc)
contributions to AG, for ions and polar molecules and is the
most sensitive to rearrangement of their electronic structure in
the course of chemical ceactions. The nonpolar term, as a rule,
includes the energies of the van der Waals interactions and the
energy of cavity formation in the solvent and is mainly deter-
mined by the size of the solute molecule.

In the discrete LD model the solvent molecules are repre-
sented as polarizable point dipoles located at the nodes of a
spatial network around the solute species. In this modcl the
polarization (m) of such a dipole in the overall electric field
{created by solute species and other solvent dipoles} of sirength
E. averaged over orientations, is given by the formula:

m = gE + <pe>e = oF + pLipE/(kDle, 2)

where « and p are respectively the polarizability and absolute
valuc of the dipole moment of a point dipole (u); e is the unit
vector directed along the field streagth vector K Lix} =
cth x — I/x is the Langevin function®¥; x = pE/(kT); ks the
Boltzmann constant; and 7 is absolute temperature. Further,
the AG, valuc is calcutated using the overall potential of
solvent dipoles.

The advantagc of the LD model lies in the fact that
farmula (2) makes it possible to perform effective analytical
calculations of the solvent polarization by the solute in the
dipoie approximation. It is the valuc of this polarization that
determines the AG,, value. This possibility is lost on going to
more precise solvent models in which, e.g., the spatial distribu-
tion of atomic charges is taken into account. At the same-time,
as for any other microscopic scheme, the use of the LD model
requires calculations of the electric field strength £, averaged
over different oricatations of salvent molecules, re.. over
various configurations of the neiwork of dipoles. However, the
known algorithms of averaging in this model are, on the
whole, ineffective and require additional computational re-
sources. The problem of calculating the averaged solvent field
is solved on going to a macroscopic description of the system.

Continuum model for the Langevin polarization of the
salvent. If a solvent is considered as a diclectric continuum,

the clectrostatic contribution to the AGy, value can be repre-
sented as the integral over the solvent volume (V):

4Gy - s jDPdy, (3)
ZSolv

where D and P are respectively the vectors of the electric
induction and polarization of the medium, related to the
strength of the Maxwell electric field E by the known relation-
ships D = E + 4P and P = (¢ — 1)/(4n) - E, where € is the
dielectric constant of the medium. Polarization Py of an
infinitesimal volume element of the solvent dV can be repre-
sented as the sum of the orientational and induced contribu-
tions:

Py

1]

> [aEik + gu<HiCax >] =
kedV
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where p; is the vector of the dipole moment of the Ath solvent
molecule; E, and E4 arc the internal and direction components
of the strength of the field exerted on the kth dipole, respec-
tively; ey is the unit vector directed along the E4 vector; p,, is
the density of solvent dipoles; and o is polarizability. In
expression (4), we turned from the discrete to the continuum
representation of Py,

The components of the electric field in the volume element
of the dietectric continuum are related by the relationship
E, = Ej + R, where R is the reaction field of the dielectric.
Using the representations for contributions E4 and R, known
from reaction ficld theory,!7+18 we obtained the formula that
relates the polarization Py of the volume element dV to the
strength of the effective electric field E° exerted on this
clement:

£
P,:[ Ev—t L(E—] av 5
Y La +|—f(1e \I(T qu ’ ())
where
I 261
f'03 Je+1 7

and a is the size of a cavity of the solvent dipole. Formally,
expression (3) corresponds to formuia (4); however, it contains
the dependence of both contributions (orientational and in-
duction) on the effective strength of the electric field in
solution E° = BE, where E is the strength of the Maxwell
clectric field, and

1 %
- )

It should be notfed that the ratio u/{1 = fa) in Eq. (3) is the
dipole moment i of a solvent molecule i its own media.'8 In
the case of solvation of a point ion, the relation between E(n
and the electric ficld strength of the ion in vacuum is some-
times given in the form Etn = E_ (r)/e(r), where {r) is the
diclectric constant of the solvent dependent on r.

However, the use of the macroscopic concept of the diclec-
tric constant in the vicinity of solute species?-1? is rather poorly
justified. In this connection it is more correct to interpret the
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coefficient ¢(r) as a shielding function of the ciectric field of a
point charge by the solvent (an analogous shiclding function
appears, e.g., in the microscopic LD model'4 ). This makes it
possible to represent the field of a polyatomic solute molecule in
a convenient form as the sum of atomic contributions:

O R
s(r;):;~3 , (6)

where the factors &(r;) characterize the cffect of shielding of
the field of atomic charges in the molecule.

Parametrization of the model and calculations of solvation
energies. Using Egs. (1) and (3), it is possible to calculate the
free solvation energics AG,. Most modern solvent models are
also calibrated to calculate this value. At the same time, in
many instances it is of interest to obtain separate estimates of
the enthalpy and entropy contributions to the AG,,, value. In
particular, this can be done using the additive scheme of
estimating the entropy contribution to the hydrophobic ef-
fect.!520 To make the above estimates, in this work we
consider the enthalpy of solvation (AHg,). As a rule, the
electrostatic coutributions to the AGy, and AH, values differ
insignificantly (within the limits of several per cent), 2122
whereas for the nonpolar contribution this difference s much
larger. In this work, the methods used for calculating the polar
(AH) and nonpolar (AH,,) contributions to the A, value
were parametrized separately,

When considering electrostatic interactions, the solvent
volume is divided into two regions inside and outside a spherc
of radius r; circumscribed about a solute molecule (regions /
and 2, respectively, see Fig. 1). The region 7 is also bounded
by the solvent-accessible surface of the molecule S,,. Electro-
static intcractions in the region 7 and in the region of long-
range interactions (region 2) are respectively described by the
Langevin formulas (4)—(6) and by the Born—Kirkwood for-
mulas.?3 The AH,, value is represented as the sum of contribu-
tions from these two regions (AHp,, and Affpey, respec-
tively):

AHy = AHLgvn + AHporn- N

Fig. L. Division of the space in the solute—solvent system into
the regions (/ and 2, see text) in the LC model taking an
EtOH molecule as an example; r, is the radius of the external
spherical boundary of region /.

Table 1. Parameters of solvation LC model for water

Solvent Solute

Param-  Numerical Type of r/A%

cter value species on atom

n/D 2.50 H, H—N, 1.8, 1.4, 1.8, 1.5,
H—-O 1.1 1.4

a/A3 1.48 C, Carom 1.7, 2.0 1.7, 2.0

a/A 1.40 N 1.3 1.4

£y 78.4 0 1.2 1.4

b 0.96 Na* 1.733 —

¢ 1.20 K* 2233 —

9 Here p is the dipole moment of the molecule; a is the
molecular polarizability; a is the radius of the molccular
sphere; g, is the dielectric constant; 6 and ¢ are the coefficients
of the shielding function.

4 Atomic radii.

According to expression (4), the first term in relationship
(7) can be represented as the sum of contributions of perma-
nent (AH g p) and induced (AH; gy, ;) polarization. The pa-
rameters of the LC model are the dipole moment (p), polariz-
ability (), the size (a) of the solvent molecule, the shielding
function (£(7)), and the electrostatic atomic radii (r,) of solute
specics, which determine the shape and size of the solvation
cavity (.5,). The shielding function &(r) is given by the Gompertz
formula:

£(r) = g.exp(—bc™), (8)

where g, is the dielectric constant of water, and b and ¢ are
constants. In the general case, such a dependence corresponds
to the theoretically expected S-shaped curve of the diclectric
constant for a system with point ions.Z4—2% For water, the
cxperimental values of ¢, and a (Table 1) werc used. The
dipole moment chosen {u = 2.5 D) corresponds to the ex-
pected value for a water molecule in water.2? The coefficients
b and ¢ were calibrated based on the solvation energy of the
Na* cation and to meet the condition £(10 A) = 0.9g,,, which
determines the slope of the curve (see Table 1).

The parametrization of this model takes into account an
additional condition, according to which the calculated alf,
value should be stable with respect to changes in the radius of
the solvent-accessible sphere {R) at medium and long dis-
tances. Since both contributions to the Aff value depend on R
as AH g Ci/R and AHg,., - C3/R, the condition
8§H, /3R = 0 is equivalent to the equality C; = —C,. Numeri-

‘cal catculations for the point ions showed that this equality is

valid for the parameters of the model, which correspond to a
coefficient B of 3.19.

To calculate the nonpolar contribution to the enthalpy of
solvation, we used an cmpirical linear functional dependence
of AH,, on the surface arca of the solute molecule {(Sp). Such
a represcntation- was chosen on the basis of the known data
(see, e.g., the parametrization of the methods reported in
Refs. 6 and 12), according to which the nonpolar contribution
is mainly dependent on the size of the solute molecule rather
than on the typc of atoms constituting the molecule. To
calibrate the lincar dependence, we used the data on the
cathalpies of solvation of several nanpolar compounds (inert
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gases, 28 aliphatic hydrocarbons??) for which it can be accepted
that AHy = &M,

The surface of the solute molecule is represented as a
superposition of the surfaces of intersccting spheres circum-
scribed about the atoms constituting the molecule. The suiface
areas of the spheres were calculated using the known atomic
radii 3031 After statistical processing we obtained two lincar
dependences, which make it possible to calculate the A,
values for small (data for He, Ne, Ar, Kr, and CHy were
taken) and large (data for Kr, Xe, CyHg, C3Hg, CyHyg, and
neo-CsH,, were taken) surface areas of the molecules:

AH,, = 6.62 = 0.06678,,4 at Syo < 153.05; "

AH,, = —0.43 = 0.02068,, Al S > 153.05.

For molecules of nonpolar compounds, estimates of AH
werc obtained by subtracting the AH,, values from AH, values.

The AH, values for polyatomic molecules were calculated
using the electrostatic atomic charges obtained in ab initio
quantum-chemical calculations in the 6-31G* basis set (sce
Ref. 32). In this case the molecular geometry was preliminar-
ily optimized by the semiempirical AM1 method. Based on the
calculated solvation energies of several compounds, we cali-
brated the values of the electrostatic atomic radii r, (sec
Table 1), which provides the best agrcement between the
experimental and calculated data.

The calculations were carried out using an original pro-
gram written in the FORTRANT77 programming language on a
Convex- 120 computer. Integration over the volume of region /
(see Fig. 1) was performed numerically in polar coordinatcs
with a radial distance increment of 0.2 A. In all cases, region /
included a spherical layer of thickness 20 A around the solute
specics.

Results and Discussion

The enthalpies of solvation calculated for a number
of ions and neutral molecules are listed in Tables 2 and
3, respectively. For the ions, good quantitative agree-
ment was obtained between the calculated and experi-
mental data in the range considered, viz., from —60 10
—110 kecal mol™! (including the scatter of experimental
data, which amounts to several kcal mol™' when using
different published data). In this case the A term
makes the major contribution to the AH, values; in
turn, the permanent polarization of the solvent, AI[LsV,Lp,
makes the largest contribution to the Aff, value. At the
size chosen of region [/, the values of the long-range
contribution, Afg,,, in all cases lie in the range from
—6.13 to —6.88 kcal mol™t, which is less than 10% of
the AH, value. The calculations reproduce well the
changes in the Af, values of protonated mono-, di-,
and trimethylamines.

For the neutral molecules considered, the aH val-
ues lic in the range from about —3 to —13 kcal mol~},
On the whole, in this case the relative enthalpics of
solvation are altso reproduced correctly. For polar mol-
ccules, the electrostatic contribution dominates, whereas
for nonpolar aliphatic hydrocarbons, its value is close to
cero. For the nonpolar aromatic benzene molecule, the

Table 2. Calculated and experimental enthalpics of solvation
of ions and their components (AH/kcal mol™")

fon Ay AMpony Mgy AHigu AHSS  AHSP
Na* ~3.01 —687 -8542 —351 -9881 -—9850°
K* -3.98 —6.71 -70.67 —248 —8383 —78.407
OH~ —1.00 —6.88 —110.48 =560 —1(3.9] —116.20"
MeCOO™ —4.56 —641 —-7695 —337 —9129 —89.70
NH,™ =310 —6.65 -7623 —281 —88.79 -87.00°
MeNH,;* —4.28 —6.40 ~63.84 =210 —767] —75.40¢
Me,NH,* =490 —6.23 —3548 —1.81 —6841 —69.70¢
MeyNH*Y =548 =622 —4849 —1.52 —61.70 —63.30¢
PyH* =563 —6.13 —4870 —153 —61.99 —61.90¢

¢ Data were taken from Ref. 33.
4 Data were taken from Ref. 34.
¢ Data were taken from Ref. 35.

Table 3. Calculated and experimental enthaipies of solvation
of molecules and their components (AH/kcal mol™")

Molecule MMy Qg AHigw, OHSC  AHSP
H,0 =170 =791 -0.30 =991 -997¢
McCOOH —470 =953 -0.37 —1461 —-12.7%
McOH =393 507 -0.19 —9.18 -10.235
MeCH,0H -4.67 —435 ~0.17 —9.40 —12.05¢
Me(CH;),0H —534  -492  -0.19 —10.45 —13.254
NH; =250 =530 —0.21 —8.02 -7.87¢
MeNH, -4.13 =371 —0.15 -7.99 -10.27°
Py -549  —466 —0.17  -1032 -—11.98
CHy =346 —0.00 0 —-352 275
C3H7 —5.02 —~0.04 0 --5.06 —4.83¢
CoHeg =564 —-144 004 -7.12  —7.08°

9 Data were taken from Ret. 29.
5 Data were taken from Ref, 34.

Al value is already ~—1.5 keal mol™!. Such a differ-
ence between the benzene molecule and those of ali-
phatic hydrocarbons is due to the planar configuration
of low-polar C—H bouds in the benzene ring.

Mention may be made of inadequate reproduction of
the effect of methyl substituents on the AH,,; values for
molecules of water, aliphatic alcohols, and aliphatic
amines. Most likely, this can be explained by the fact
that the model takes no account of the effects of specific
solvation and, in particular, the formation of hydrogen
bonds between the solute species and solvent molecules.
It should be noted that more rigorous calculations using
methods of molecular dynamics®® also cannot reproduce
the effects of methyl substituents in the case of aliphatic
amines.

The generalized correlation of calculated and experi-
mental values of AH, is shown in Fig. 2. A lincar
dependence with a slope close to unity, a correlation
coeflicient () of 0,999, and a standard deviation (o) of
1.93 kcal mol~! was obtained.

In the framework of the model considered the inter-
actions in the solute-—-solvent system were estimated in
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Fig. 2. Correlation of experimental (AHSP) and calculated
(AHS3) enthalpies of solvation for the compounds listed in

Tables 2 and 3.

the simplest manner using the atomic charges calculated
from the wave function for an isolated solute molecuie.
As is known, there is no unambiguous definition of
atomic charges for molecular systems and their vaiues
are dependent on the choice of both the quantum-
chemical method and the scheme of division of the
clectron density overlap over the atomic centers. In this
work, we used the procedure for the determination of
charges that provides the most realistic description of
the interactions between the molecules in solution.
Nevertheless, no account is taken of polarization of the
solute molecules by the solvent in such an approach.
This effect can be accounted for using a quantum-
mechanical Hamiltonian containing an additional term
that describes the interaction of the electrons of solute
molecules with the electrostatic field of the solvent (see,
e.g., Ref. 15), which can favor an appreciable increase
in the nonuniformity of the charge distribution in the
dissolved compound. However, the influence of this
effect on the Aff,; values is compensated by the param-
etrization suggested in this work.

Integration of the solvent polarization over the sol-
vent volume is an important distinction between the
approach considered above and the existing. continuum
analogs, since in other computational schemes either
integration over a solvent-accessible surface (modifica-
tions of SCRF models) or simplified analytical formulas
(variants of the generalized Born approach) are used.
The continuum approximation proposed in this work is
based on the known microscopic model of Laungevin
dipoles and formally meets the suggested procedures for
estimating the solvation energics of tie ions i the
framework of the Born model with a variable diclectric

constant of the solvent.24=26 However, the efficicney of
calculations performed using this new approach to con-
sideration of polyatomic molecules, in which the solva-
tion energy is divided into atomic contributions accord-
ing to Eq. (6) (sce above), is highly competitive with
those of the microscopic LD approximation and SCRF
methods.

Thus, the computational scheme proposed makes it
possible to correctly reproduce the enthalpies of solva-
tion of polar and neutral molecules of different struc-
ture. Because of its computational efficiency, this scheme
can be used in the simulation of the properties of large
molecules in solution in combination with the methods
of quantum chemistry and molecular dynamics.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 96-04-
48467).
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