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A Langevin continuunt model is proposed for performing quantum-chemical calct,lations 
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 model for water ave presented. 
Hydration enthalpies of organic ions and neutral polar and nonpolar molecules, whose wave 
functions were calculated in the 6-3IG* basis set. are well reproduced using the approach 
proposed 
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The development of methods for takiug 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 
possibilities of quantum-chemical  methods arc limited 
by consideration of molecular systems consisting of sev- 
eral hundreds of atoms. At the same time. reliable 
estimates of physicochentical properties of molecules in 
solution can be made only by taking into account a 
rather large volume of the solvent around a solute 
molecule. This has motivated the developinent of com- 

bined approaches in which the.classical potentials of the 
solvent are incorporated into schemes of quanturn-chemi- 
cat calculations of  solute molecules. 

Two main types of solvent models, discrete and 
continuum ones, are used in quantum-chentical calm,la- 
lions of the reactivity of compounds. In discrete {micro- 
scopic) models, the solvent is considered as a set of 

individual species, whereas macroscopic quantities that 
describe the properties of a medium are used in coi1- 
tinuum models. 1-4 When simulating the solvent effect, 
it is the most important to correctly account for the 
long-range electrostatic interactions. 

ht this regard the known continuum models can be 
divided into two main groups. In the first group of mc, dels 
the sotvent potential is calculated using the generalized 
Born formula, s - s  In the second (the largest) group of 
models, in which the self-cmksistent reaction field (SCRF) 
approximation is used, the potential of charges induced on 

t h e  surface of  a cavity formed by the solute molecule in 
the dielectric continuum is calculated (see, e.g, Refs. 4, 
9-- t3,  and references cited therein). Among microscopic 
approaches, the model of kangevin dipoles (LD) is most 
widely used. In this model, electrostatic interactions in so- 
lution are described in the dipole approxirnation using ana- 
lytical functions of the Langevin type. IA~-I~ 
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B o t h  m i c r o s c o p i c  a n d  c o n t i n u u m  a p p r o a c h e s  have  

t h e i r  a d v a n t a g e s  a n d  d r a w b a c k s  a n d  c u r r e n t l y  t he r e  is no  

u n i v e r s a l  m o d e l  for  s o l v a t i o n ,  w h i c h  in all c a s e s  w o u l d  

m a k e  it po s s ib l e  to a d e q u a t e l y  d e s c r i b e  t he  i n t e r a c t i o n  

o f  so lu t e  m o l e c u l e s  w i t h  t he  so l ven t .  

In th i s  w o r k  we p r e s e n t  t he  m e t h o d s  a n d  resu l t s  o f  

c a l c u l a t i o n s  o f  t he  e n e r g i e s  o f  s o l u t e - - s o l v e n t  i n t e r a c -  

t i on  in the  f r a m e w o r k  o f  t he  L a n g e v i n  c o n t i n u u m  m o d e l  

( L C  m o d e l ) .  In th i s  m o d e l ,  e l e c t r o s t a t i c  p o l a r i z a t i o n  o f  

t he  s o l v e n t  is d e s c r i b e d  by a L a n g e v i n  type  f u n c t i o n ,  
w h i c h  m a k e s  it p o s s i b l e  to e f f ec t ive ly  c a l c u l a t e  t he  c h a r -  

ac t e r i s t i c s  o f  n o n s p e c i f i c  s o l v a t i o n  o f  large  m o l e c u l e s .  

C a l c u l a t i o n  p r o c e d u r e  

In the general case o f  nonspecif ic  solvation, the free 
solvation energy e r a  molecule (AGsol) can be represented as 
the sum of  electrostatic tAG,: I) and nonpolar  (-AGnp) contribu- 

AGso I = AGel + AG,ip. ( I )  

] h e  electrostatic term makes  the largest (in absolute value) 
contr ibut ions to AGsol for ions and polar molecules and is the 
most sensitive to rearrangement  of  their electronic structure in 
the course o f  chemical  reactions. The nonpolar  term,  as a rule, 
includes the energies o f  the van der Weals interactions and the 
energy of  cavity formation in the solvent and is mainly deter- 
mined by the size o f  the solute molecule.  

In the discrete LD model the solvent molecules are repre- 
sented as polarizable poiqt dipoles located at the nodes of  a 
spatial network around the solute species. [n this model the 
polarization (m) of  such a dipole in the overall electric field 
(created by solute species and other  solvent dipoles) o f  strength 
E, averaged over orientat ions,  is given by the formula: 

m = ~E + <l~e:'e = ~zE + ~Ll~E/(kT)le, (2) 

where o~ and IX are respectively the polarizability and absolute 
value of  the dipole m o m e n t  o f  a point dipole (It); e is the unit 
vector directed along tile field strength vector E; L(xl = 
cth x - I/x is the I.angevin function2,l ' t;  x = btE/(k't); k is the 
go t t zmann  constant ;  and T is absolute temperature.  Further,  
the AGel value is calculated using the overall potential of  
solvent dipoles. 

The advantage o f  the LD model  lies in the fact that 
formula (2) makes  it possible to perform effective analytical 
calculat ions of  the solvent polarization by the solute in the 
dipole approximat ion.  It is the value of  this polarization that 
determines  the AGso I value. This possibility is lost on going to 
more precise solvent models  in which,  e.g., the spatial distribu- 
tion o f  a tomic charges is taken into account .  At the s a m e t i m e ,  
as for ".any other  microscopic sqheme,  the use . . . . . . . . .  of  the LD model 
requires calculat ions o f  the electric field strength E, averaged 
over different or ientat ions  o f  solvent  molecules,  i.e.. over 
various configurat ions of the network o f  dipoles. However.  the 
known algori thms of averaging in this model are, on the 
whole, ineffective and require additional computa t iona l  re- 
sources. The problem of  calculating the averaged solvent field 
is solved on going to a macroscopic  description o f  the system. 

Cont inuum model for the Langevin polarization of the 
solvent. If a solvent is considered as a dielectric contnluunl .  

the eleclrostatic contribution to the  AGso I value can be repre- 
sented as the integral over the so lven t  volume (le): 

L~Gc I = - - L  JDrdl" (3) 
2So~ ~ 

where D and P are respectively the  vectors o f  the electr ic 
induct ion and polar izat ion o f  the medium,  related to the 
strength o f  the Maxwell electric field E by the known relation- 
ships D = E + 4 ~ P a n d  P = ( e -  I ) / ( 4 ~ ) - E ,  where e is the 
dielectric constant  of  tile m e d i u m .  Polarization Pv  of  an 
infinitesimal volume element  o f  the  solvent d V can be repre- 
sented as the sum of  the or ienta t ional  and induced cont r ibu-  
tions: 

Pv = ~ [~ +edl,<P-j, ed,~>]= 
k~dl/ 

"pE<~ ) 
= [c~Ei + l J L ( - ~  )ea]pudV , (4) 

where let: is the vector of  the dipole m o m e n t  o f  the kth solvent 
molecule; E i and E a are the internal and  direction c o m p o n e n t s  
o f  the strength o f  the field e• o n  the kth dipole,  respec- 
tively; e a is the unit  vector directed along the E d vector; p~, is 
the density o f  solvent dipoles; a n d  a is polarizability. In 
expression {4), we turned from the discrete to the c o n t i n u u m  
representation o f  Pv- 

The componen t s  of  the electric field in the volume e lement  
of  the dielectric con t inuum are related by the relationship 
E i = E d + R, where R is the reac t ion  field o f  the dielectric. 
Using the representations for con t r ibu t ions  E a and R, known 
from reaction field theory, i7,i8 we obta ined  tile formula that 
relates the polarization Pv of  the v o l u m e  e lement  d V  to the 
strength o f  the effective electric field E'  exerted on this 
element:  

L I - fez t, " ) j  ' 

w h e r e  

(5) 

1 2 ( ~ -  I) 
S -  a 3 2~+t  ' 

and a is the size o f  a cavity of  the solvent  dipole. Formally, 
expression (5) corresponds to fo rmula  (4); however,  it conta ins  
the dependence of  both con t r ibu t ions  (orientat ional  and in- 
duction) on the effective s trength o f  the electric field in 
solution E '  = [~E, where E is the  s trength o f  the Maxwell 
electric field, and 

I '  II l 
p = t ~ _---zTg f t ~ ) .  

I t  sh0uld b/: noted t l i a i  t he  rat io b t / { l  = f r O  in Eq. (5) is the 
dipole moment ~ e r a  solvent mo lecu le  in its own media, t8 In 
ti le case o f  solval ion o f  a po in t  ion, the relat ion between E(r) 
and the electric f ield sire igth o f  the ion in vacuum is some- 
times given in the form El r )  = Em(r)/c(r), where ~(r) is the 
dielectr ic constant o f  the solvent dependent  on r. 

However, the us;,: o f  the macroscopic concept o f  the dielec- 
tric constant in the vicinity o f  solute species ~-,19 is rather poorly 
justif ied. In this connect ion it is more currect to interpret the 
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coefficient ~(r) as a shielding function of  ttae electric field of  a 
point charge by the solvent (an analogous shMding function 
appears, e.g., in the microscopic LD modell4,tg). This makes it 
possible to represent the field of  a polyatomic solute molecule in 
a convenient  form as the sum of atomic contributions: 

E = E  qi r, 
~(r ,~3 ,  (6) 

where the factors ~(ri) characterize the effect of  shielding of  
the field o f  a tomic charges in the molecule.  

Parametr iza t ion  of  the model and calcnlaUons of solvation 
energies.  Using Eqs. (I)  and (3), it is possible to calculate the 
free solvation energies AGso 1. Most  modern  solvent models are 
also calibrated to calculate this value. At the same t ime,  in 
many  instances it is o f  interest to obtain separate est imates of  
the enthalpy and ent ropy contr ibut ions to the ~Gso I value. In 
particular, this can be done using the additive scheme of  
es t imat ing the ent ropy contr ibut ion to the hydrophobic ef- 
fect. 15,z~ To make the above est imates,  in this work we 
consider  the en tha lpy  of  solvation (AHsol). As a rule, the 
electrostatic cont r ibut ions  to the AGsal and zXHso ~ values differ 
insignificantly (within the limits o f  several per cent) ,  zL/2 
whereas for the nonpola r  contr ibut ion this difference is much  
larger. In this work, the methods  used for calculating the polar 
(~ttel) and nonpolar  (,3Hnp) contr ibut ions to the .SHoo I value 
were parametr ized separately. 

When consider ing electrostatic interactions, the solvent 
vo lume is divided into two regions inside and outside a sphere 
o f  radius r s c i rcumscr ibed about  a solute molecule (regions l 
and 2, respectively, see Fig. I). The region I is also bounded 
by the  solvent-accessible surt3ce o f  the molecule S w. Electro- 
static interactions in the region I and in the region o f  long- 
range interactions (region 21 are respectively described by the 
Langevin formulas (4)--(6)  and by the Born--Kirkwood for- 
mulas.  23 The ,:~Hel value is represented as the sum of  contr ibu-  
t ions from these two regions (.SHLgvn and AHBorn, respec- 
tively): 

At[el = AHLgvn + ,~HBorn. (7) 

Fig. I.  Division o f  the space in the solute--solvent  system iuto 
the regions ( /  and  2, see text) in the LC model taking an 
EtOII molecule as au example;  r s is the radius of  the external 
~pherical b o l m d a w  o f  region l. 

Table !. Parameters of  solvation LC model for water 

Solvent Solute 

Param- Numerical  Type of  

eter a value species 

r,d~, b 

ion a tom 

g / D  2.50 H, H - - N ,  1.8, 1.4, 1.8, 1.5, 
t t - - O  I. I 1.4 

ct/A 3 1.48 C, Carom 1.7, 2.0 1.7, 2.0 

a//~ 1.40 N 1.3 1.4 

~ ,  78.4 O 1.2 1.4 

b 0.96 Na + 1.733 - -  

c 1.20 K + 2.233 - -  

a Here I1 is the dipole m o m e n t  o f  the molecule;  ct is the 
molecular  polarizability; a is the radius o f  the  molecular  
sphere; ~,. is the dielectric constant ;  b and c are the coefficients 
of  the shielding function. 

Atomic radii. 

According to expression (4), tim first term in relat ionship 
(7) can be represented as the sum of  contr ibut ions  o f  pe rma-  
nent (~HLgvn.p) and induced (AHLg~n.i) polarization. The  pa- 
rameters of  the LC model are the dipole m o m e n t  (It), polariz- 
ability (c0, the size (a) o f  the solvent  molecule ,  the shielding 
function l~(r)), and the electrostatic a tomic  radii (rw) o f  solute 
species, which determine the shape and size of  the solvation 
cavity (S,,). The shielding funct ion E(0 is given by the Gomper t z  
formula: 

Err) = ~exp(-bc-CO, (8) 

where ~ ,  is the dielectric cons tan t  o f  water,  and b and  c are 
constants.  In the general case, such a dependence  cor responds  
to the theoretically expected S-shaped  curve o f  the dielectric 
constant  for a system with point  ions. ~ - 2 6  For water,  the  
experimental  values of  ew and ct (Table I) were used.  The  
dipole momen t  chosen (it = 2.5 D) corresponds  to the  ex- 
pected value for a water molecule  in water, z7 The coefficients 
b and c were calibrated based on the solvation energy o f  the 
Na + cation and to meet  the condi t ion  ~(10 ~) = 0 .% w, which 
determines the slope of the curve (see Table 1). 

The parametrizat ion of  this model  takes into accoun t  an 
additional condi t ion,  according to which the calculated z~llel 
value should be stable with respect to changes  in the radius o f  
the solvent-accessible sphere (R) at med ium and long dis- 
tances. Since both cont r ibut ions  to the  ~SH value depend  on  R 
as ,~HL~ n - CI /R and  / ~ a B o r n  - C 2 / ~  , t he  c o n d i t i o n  
8Hel/SR = 0 is equivalent  to the equal i ty  Cj = - C  2, Numer i -  
ca l  calculat ions for the point  ions  showed that this equali ty is 
valid for the parameters  o f  the model ,  which correspond to a 
coefficient [3 o f  3.19. 

To calculate the nonpolar  cont r ibu t ion  to the en tha lpy  of  
solvation, we used an empirical  linear fuuct ioual  dependence  
of  ~[tnp on the surfilce area o f  the  solute molecule  (Stool). Such 
a representa t ion  was chosen on the basis o f  the known data 
(see, e.g., the paramctr izat ion o f  the me thods  reported in 
Refs. 6 and 12), according to which  the nonpolar  contr ibut ion 
is mainly dependent  on the size o f  the solute molecule  rather 
than on the type of  a toms cons t i tu t ing  the molecule.  "I'o 
c:flibratc the linear dependence ,  we used the data on the 
cn~halpies o f  sotvation of  several nonpolar  c o m p o u n d s  (into1 
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gases, z8 aliphatic hydrocarbons z'~) for which it can be accepted 
that AHso I ~ A/f,u ,. 

The surface of the solute molecule is represented as a 
superposition of the surfaces of intersecting spheres circum- 
scribed about the atoms constituting tile molecule. The surface 
areas of the spheres were calculated using the known atomic 
radii. 3~ After statistical processing we obtained two linear 
dependences, which make it possible to calculate the Aftnp 
values for small (data for Fie, Ne, At, Kr, and CH 4 were 
taken) and large (data for Kr, Xe, C21t6, C1H 8, C4HIo, and 
neo-CsH 12 were taken} surface areas of the molecules: 

AHnn = 6.62 - 0.0667Smo t at S,,,o I < 153.05; 
(9) 

Att,,p = -0.44 - 0.0206S.,oi at S, no~ > 153.05. 

For molecules of nonpolar componnds, estimates of AHel 
were obtained by subtracting the Attnp valucs from At(~,~ I values. 

]'he AHso ~ vah,es for polyatomic molecules were calculated 
using the electrostatic atomic charges obtained in ab initio 
quantum-chemical calculations in the 6-31G* basis set (see 
Ref. 32). In tills case the molecular geometry was preliminar- 
ily optimized by tim semiempirical AM I methc-d. Based on the 
calculated solvation energies of several comtxmnds, we caN- 
hinted the values of the electrostatic atomic radii r,~ (see 
Table 1), which provides the best agreement between the 
experimental and calculated data. 

The calculations were carried out using an original pro- 
gram written in the FORTRAN77 programming language on a 
Convex-120 computer. Integration over the volume of region 1 
(see Fig. 1) was performed numerically in polar coordinates 
with a radial distance increment of 0.2 A. In all cases, region I 
included a spherical layer of thickness 20 A around the solute 
spccics. 

Results and Discussion 

"l'he enthalpies  of  solvation calculated for a number  
of  ions and neutral  molecules  are listed in Tables 2 and 
3, respectively. For  the ions, good quanti tat ive agree- 
ment  was obta ined be tween the calculated and experi-  
mental  data in tile range cons idered ,  viz., from - 6 0  to 
- 1 1 0  kcal mo1-1 ( including the scat ter  of  exper imenta l  
data, which amoun t s  to several kcal tool -I when  using 
different publ ished data), in this case the zXt[el term 
makes tile major  con t r ibu t ion  to the Attso I values; in 
t urn, t he pe rmanen t  polarization of  the solvent, ,5 f[cs~, ,,p, 
makes the largest con t r ibu t ion  to the ,5ttel value. At the 
size chosen  of  region 1, the values of  the long-range 
contr ibut ion ,  AHBor, ,, in all cases lie in the range from 
- 6 . 1 3  to - 6 . 8 8  kcal tool - I ,  which  is less than 10% of  
tile `sH~o~ value. The  calculat ions reproduce  well the 
changes  in tile `5tIso I values o f  pro tona ted  m o n o - ,  di- .  
and t r in le thylamines .  

For the neutral  molecules  cons idered ,  the gHso I val- 
ties lie in the range from about - 3  to - 1 3  kcal tool - l .  
On the whole,  in this case the relative cnthalpics  of 
solvation are atso reproduced  correctly.  For polar mol-  
ecules,  the e lect rosta t ic  con t r ibu t ion  dominates ,  whereas 
for nonpolar  a l iphat ic  hydrocarbons ,  its value is close to 
zero. For tile nonpola r  a romat ic  bcnzenc  molecule ,  tile 

Table 2. Calctdated and experimental enthalpies of solvation 
of ions and their components (AH/kcal tool -1) 

Ion AHnp AllBot. AHLgv.,p &/[Lgv.,i ~.x̂ /./calC,,sol ,re" t/exp..sol 

Na + -3.01 - 6 8 7  -85.42 -3.51 -98.81 -98.50 a 
K* -3.98 -6.71 -70.67 -2.48 -83.83 -78.40 ~ 
O l t -  -1.00 -6.88 - t l 0 . 4 8  -5.60 -113.91 -116.20 s 
MECOO--4 .56  -6.41 -76.95 -3.37 -91.29 -89.70 b 
NH4 -r -3.10 -6.65 -76.23 --2.81 -88.79 -87.00 c 
MeNHt + --4.28 --6.40 --63.84 --2.19 --76.71 --75.40 c 
,Me2NH2+-4.90 -6.23 -55.48 -1.81 -68.41 -69.70 c 
Me3NH + -5.48 -6.22 - 4 8 4 9  - I . 5 2  -61.70 - 6 3 3 0  c 
PyH § -5.63 -6.13 -48.70 -1,53 -61.99 -61.90" 

" Data were taken from Ref. 33. 
b Data were taken from Ref. 34. 
c Data were taken from Ref. 35. 

Table 3. Calculated and experimental enthalpics of solvation 
of molecules and their components (AH/kcal tool -I) 

Molecule AH,,p ~HLg...p AItLgv,,, i AHCo] Ic" ~Hs~P 

H20 - t . 7 0  -7.91 -0 .30 -9.91 -9.97 a 
McCOOH -4.70 -9.53 -0.37 -14.61 - 1 2 . 7  b 
MeOH -3.93 -5.07 -0 .19  -9.18 -10.25 ~ 
MeCIt2OH -4.67 -4.55 -0 .17 -9.40 - I  2.05 a 
Mc(CH2)2OH -5.34 -4.92 -0 .19 -10.45 -13.25 a 
NIt 3 -2.50 -5.30 -0.21 -8.02 -7.87 a 
MeNH 2 -4.13 -3.71 -0 .15 -7.99 -10.27 ~ 
Py -5,49 -4.66 -0 ,17 -10.32 - I I . 9 8  b 
CIf 4 -3.46 -0.06 0 -3.52 -2.75" 
C3H 7 -5.02 -0.04 0 --5.06 -4.83 a 
C~H 6 -5.64 -1.44 -0 .04 -7.12 -7.0fl a 

a Data were taken from Ref 29 
b Data were taken from Ref. 34. 

A I f  d value is already - - 1 . 5  kcal mol - I .  Such a differ-  
ence between the benzene  molecu le  and those o f  ali- 
phatic hydrocarbons  is due to t he  planar  conf igurat ion 
of  low-polar  C - - H  bonds in tile b e n z e n e  ring. 

Ment ion  may be made of  i nadequa te  reproduct io , t  o f  
tile effect o f  methyl  subst i tuents  o n  the AH~o I values for 
molecules  of  water,  al iphatic a lcohols ,  and al iphatic 
atnines. Most  likely, this can be expla ined by the fact 
that tile model  takes no account  o f  the effects o f  specific 
solvation and,  in particular, the  fo rma t ion  of  hydrogen 
bonds  between the solute species  and  solvent molecules .  
It should be noted  that more  r igorous  calcula t ions  using 
methods  of  molecular  dynamics  36 also ca ,mot  reproduce  
the effects o f  methyl subst i tuents  in the  case of  aliphatic 
aIllilIeS. 

The generalized correlation of calculated and experi- 
mental values of Allso I is shown m Fig. 2. A linear 
dependence with a slope close to fruity, a correlation 
coefficient (r) of 0~999, and a standard deviation {~) of 
1.93 kcal tool -i was obtained. 

In tile f ramework of  the mode l  cons idc red  the inter-  
act ions in the s o l u t e - s o l v e n t  sys tem ",','ere es t imated  in 
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AHf;XlO/kcal nlol- i  

- 120  - 
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,'_\ ftsoallC /kca l mot-I 

Fig. 2. Correlation of experimental (al/e;~ p) and calculated 
talc (d~t[~t) enthalpies of solvation for the compounds listed in 

Tables 2 and 3. 

the simplest manne r  using the a tomic charges calculated 
from the wave funct ion for an isolated solute molecule.  
As is known, there is no unambiguous definition of 
a tomic charges for molecular  systems and their  values 
are dependent  on the choice  of  both the quan tum-  
chemical  me thod  and the scheme of division o f  the 
electron density overlap over the a tomic centers. In this 
work, we used the procedure for the determinat ion of  
charges that provides the most realistic description of  
the interact ions 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  Hami l ton ian  containing an additional term 
that describes the interact ion of  the electrons of  solute 
molecules  with the electrostat ic  field of the solvent (see, 
e.g., Re|: 15), which can favor an appreciable increase 
in the nommifo rmi ty  o f  the charge distribution in the 
dissolved compound .  However ,  the influence of  this 
effect on the AHso t values is cornpcnsated by the param- 
etrization suggested in this work. 

Integration of  the solvent polarization over the sol- 
vent volume is an important  dist inction between the 
approach cousidered above and_ the e.'dstiug cont inuum 
analogs, since in o ther  computa t ional  schemes either 
integration over  a solvent-accessible  surface (ntodifica- 
tions of  S C R F  models)  or  simplified analytical fornmlas 
(vari;mts of  the general ized Born approach) are used. 
The  c o n t i m m m  approximat ion  proposed in this work is 
based on the known microscopic  model of  Langevin 
dipoles and formal ly  meets the suggested procedures for 
estintating the solvation energies of  tile ions iu the 
f lamework of  the Born model  with a variable dielectric 

constant  of  the solvent, z4-26 I towever,  the eff iciency of  
calculat ions performed using this new approach to con-  
sideration of  polyatomic molecules ,  in which the solva- 
tion energy is divided into a tomic  contr ibut ions accord-  
ing to Eq. (6) (see above), is highly compet i t ive  with 
those of  the microscopic LD approximat ion and S C R F  
methods.  

Thus, the computa t ional  scheme proposed makes it 
possible to correctly reproduce the enthalpies o f  solva- 
tion of  polar and ,mutnll molecules  of  different struc- 
ture. Because of  its computat ional  efl'iciency, this scheme 
can be used in the s imulat ion o f  the properties o f  large 
molecules  in sohttion in combina t ion  with the methods  
of  quantum chemistry and molecular  dynamics.  

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