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Starting from the molecular potential we get, by using elementary elec- 
trostatics, information about energetically favoured regions for interaction 
with ions and dipoles around H20 and HeCO. The molecule-dipole inter- 
action is represented by the electric field patterns. 
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1. Introduction and Method 

The molecular electrostatic potential (MEP) of the electronic distribution and the 
nuclear charges of molecules is an informative tool for the prediction of pro- 
tonation sites or reactions of molecules with electrophilic agents. Despite time- 
consuming computations the MEP is widely used on the ab initio [1-6] and the 
semi empirical level [7-10]. Quantum chemists have felt largely intuitively how 
much information can be extracted from the MEP. For example several empirical 
formulae combine the interaction energy of hydrogen bonded systems with local 
values of the potential [11, 12]. The aim of the present paper is to show how the 
MEP may be used in a general way to represent interaction properties. This model 
is a heuristic method for the interpretation of intermolecular interactions. We 
studied the representation of interactions with point charges and point dipoles in a 
consistent manner. 

The MEP V(r) arising from a molecule is defined by the superimposed electronic 
and nuclear charge distribution p (r) and is a solution of the Poisson equation [13] 

p(r) 
aV(r) = - - -  (1) 
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Within the LCAO-MO framework the general solution 

1 f p(r') d3r, (2) V ( r )  = 

is given in terms of an atomic basis set {X~} by [1] 

V(r)__ 1 [ y  z~ f X*~(r')x~(r') r] 
Ir-R l y I r - , ' l  d 3 , (3) 

To discuss the usefulness of the MEP for the interpretation of interaction 
properties we start from the general expression of the electrostatic interaction 
energy E el of two charge distributions PA and PB, located at separate centres of the 
molecules A and B, resp. 

Eei = I I pA(rA)pB(rB) d3rA d3rB 
I r-~-- r--~a ~ . (4) 

Eq. (4) can be rewritten as 

E ' i  = I pA(rA)  " VB(rA)  d3rA. (5)  

If we expand E e~ into a Taylor series at rA = 0 we obtain 

E ~ =  I pA(rA) " VB(0) d3rA + I pA(rA) " rA(VVB(0)) d3rA + ' ' ' .  (6) 

The first term is the potential energy of a point charge in the field of molecule B, 
and the second term is the appropriate potential energy of a dipole in the electric 
field [13] 

E(r) = - V  V(r). (7) 

Thus the interaction of two molecules can be described such that one molecule 
(here A) is represented by a multipole series and for the other molecule the MEP 
and their derivatives are employed. The expansion (6) may be extended to higher 
terms than molecular dipole moments. For clarity we neglected terms higher than 
dipoles. 

In our calculations we used semi empirical CNDO/2  wavefunctions and approx- 
imation III of Ref. [7]: all nuclear attraction integrals which contain basis 
functions Xg and X~ located at the same atom are computed exactly by the 
STO-3G expansion method [15]. The other terms are neglected. To calculate the 
electric field strength we approximated Eq. (7) by 

3 
E(r) = - • d -1 8V~(r)ei, (8) 

i=1 

where d means the point distance along the coordinate axis i (=x, y, z) and 

6V~(r) = V(r + dei)- V(r) (9) 
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is the change of the potential along axis i. For a sufficiently small increment d Eq. 
(8) is a good approximation to Eq. (7). In principle the electric field strength can b e 
given in analytical form by the derivation of Eq. (3), but a new type of integrals 
must be calculated and the computational expanse increases rapidly. 

2. Results and Discussion 

2.1. The MEP as an Ion Interaction Indicator 

A typical example of electrostatic interactions is the ion-molecule interaction. 
Molecular complexes with metal and alkali earth cations have been studied 
extensively [ 16-18]. Energy partitioning techniques [19, 20] have often been used 
to study the nature of the ion binding. In all cases the electrostatic contribution 
dominates and near the equilibrium ion-molecule distance it can be used to 
represent the total interaction energy [21]. Because of this well-known situation 
we present the results for the representation of ion interactions by the MEP only 
in a summarized form. In Fig, 1 the potential curves for water and formaldehyde 
along the C2 axis on the oxygen side are plotted. The results of ab initio 
supermolecule calculations including several cations (for H § only the minimum 
site is indicated) are also given. The arrays in Fig. 1 represent the range in 
interaction energies and equilibrium distances dependent on molecular geometry, 
basis set etc. In all cases the interaction energies with respect to "exact" distances 
follow the electrostatic curve. The casual numerical agreement cannot be over- 
rated, but the tendency justifies the use of the MEP to discuss the possibility and 
the strength of ion-molecule interactions. The MEP opens up the possibility to 
predict ion interactions and to explain the specific selectivity of molecules toward 
ions. 

2.2. Electric Field Strength 

The electric field strength E represents the electrostatic force field of the charge 
distribution p(r) outside the molecular skeleton without any consideration of 
polarization effects on the partner sites. Such an E(r) is only an idealization of the 
real intermolecular forces. On the other hand the field patterns give a clear picture 
of the strength and orientation of electrostatic forces. Thus the field orientation 
indicates the preferred way to form ion-molecule complexes, and the preferred 
direction of an associated dipole. To our knowledge only Ranghino and Clementi 
have so far presented electric fields based on a point charge approximation for the 
molecule [22]. In a more general way we calculated the field strength E(r) using 
approximation (8) outside the van der Waals vglume of the molecules. The field 
strength of water and formaldehyde in two perpendicular planes is given point by 
point in Fig. 2. The maximum field strength near the van der Waals distance are of 
the order of 10 7 W/m.  This is the effective field strength for interactions with small 
ions, such as Li § The field strength in the oxygen region of formaldehyde is 
smaller than around the water oxygen, because of the small electronic charge on 
the former. 
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(a) 
Fig. 1. Electrostatic potential curve along the C2 axis on the oxygen side for a water, and b 
formaldehyde. The indicated results for ab initio calculations were taken from Ref. [17] 

2.3. Dipole Interaction 

According to Eq. (6) we calculated the potential energy of a polarizable dipole in 
the field E(r). Such a consideration may be used as a model for a hydrogen bonded 
system. It is well known that the electrostatic contribution to hydrogen bonding at 
equilibrium geometry approximates the total interaction energy fairly well. The 
other repulsive and attractive contributions nearly compensate each other [23]. 
We used this fact to represent the interaction properties of polar molecules by 
simple electrostatics. We tested this approximation in order to investigate prefer- 
red binding sites of water and formaldehyde with a water dipole tz = 1.85 D 
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Fig. 1 (cont.) 
(b) 

having a polarizability ot = 1.48/~3. The preferred interaction sites calculated for 
our two molecules with distances from oxygen and carbon greater than 2 /~  are 
depicted in Fig. 3. For these points the field orientation is also shown by arrows. 
The field orientation coincides with the preferred orientation of the associated 
dipole. Thus the possible structures of molecular aggregates can be predicted and 
the interaction energy can be estimated. In all cases the contribution of the 
electrostatic interaction energy according to Eq. (6) does not appreciably exceed 
the value of 10 kcal/mole.  This is a good approximation to the real H-bond energy 
in these systems of about 5 kcal/mole.  The results for the association of a water 
dipole around the water molecule as given in Fig. 3a are in good agreement with 
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Fig. 2, Calculated electric field patterns for a 
water, and b formaldehyde, corresponding to 
two perpendicular planes 
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Fig. 3. Preferred interaction sites for a water dipole around a water, and b formaldehyde. Energies in 
kcal/mol 
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results of extensive calculations of Kistenmacher et al. [24]. This is a typical 
example for the discussion of hydrogen bonds. We found several types of 
association of the water dipoles: closed forms representing the long-range 
behaviour of antiparallel dipole orientations, and open forms representative of 
linear H-bonds in O-H bond direction (proton donor site) and following the sp 3 
oxygen lone pair direction (proton acceptor site). These open structures clearly 
follow the general hybridization model [25] which describes an idealized hydro- 
gen bond as arising when a directed lone pair on the proton acceptor atom takes 
part in the formation of a linear X - H . . .  Y bond. The same situation could be 
found for the formaldehyde molecule. Preferred sites are the C-H bond direction, 
and the sp 2 hybridized oxygen lone pairs. Because semi empirical wavefunctions 
poorly describe the MEP around double bonds [26], the formation of ~r-electron 
hydrogen bonds in the numerical approximation used cannot be discussed here. 
The electrostatic energy in the surroundings of formaldehyde in the proton donor 
as well as in the proton acceptor direction region is smaller than in the surround- 
ings of water. This fact underlines the well known situation that formaldehyde 
forms weak hydrogen bonds as compared with water [20, 27]. A simplified model 
of hydrogen bonding proposed by Allen [11] is very similar to our electrostatic 
procedure. His empirical formula for the interaction energy (in Allen's nomen- 
clature) 

E ~i = k �9  AIB" RA1B (10) 

is only a rough approximation of Eq. (6). In his expression /.-s represents the 
local bond dipole moment of the donor A-H bond, AIB is the difference in 
ionization potentials between the acceptor atom B and the next higher rare gas 
atom, and NAB is the distance between atoms A and B, k is an empirical 
calibration constant. In Eq. (10)/ZAH takes the place of the whole dipole moment 

in Eq. (6), and AIn. RA~ plays the role of an electric field strength E. While the 
use of Eq. (10) is limited to linear hydrogen bonds our formalism permits the study 
of general interactions of polar molecules. 

3. Concluding Remarks 

Regardless of the numerical accuracy of the wavefunctions used and approxima- 
tions to calculate the MEP, the presented results illustrate the large amount of 
information on interaction properties of molecules which can be obtained from 
simple electrostatics. Calculated electric field patterns illustrate the force field of 
the molecule acting on a dipole and give a rough estimate of the interaction energy 
by electrostatics. Such information is of interest for the discussion of the formation 
of molecular aggregates and solvation systems. The formalism presented may be 
extended without difficulty to cover solid systems and molecular crystals in the 
study of internal and surface electric fields. 
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