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By means of Bader's approach on topological properties of  the electronic 
density, the major  stability of  the O-bonded adduct over the C-bonded one 
between MgF2 and CO is reinforced. 
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1. Introduction 

In a previous paper  ab-initio MO calculations were performed on the C- and 
O-bonded adducts of MgF2 with CO using different basis sets [1]. In all cases, 
the O-bonded isomer was found to be more stable than the C-bonded one. 
Mulliken's population analysis indicates that the Mg-O interaction is mainly 
ionic as expected from Klopman 's  theory [2]. 

One interesting approach for the analysis of  bonds and intermolecular interactions 
is that provided by the quantum topology of the electronic density. This theory 
was developed by Bader and co-workers [3, 4] and it is based on the fact that 
the distribution of the electronic charge in a molecular system determines its 
structural characteristics. 

The aim of this work is to assess our previous results [1] by means of Bader's 
approach on the major stability of  the O- linkage isomer. 

Before discussing our results we will sketch the relevant properties of  the q u a n t u ~  
topology of the electronic density. 
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2. Theory 

The theory makes a subdivision of the real space in non overlapping subspaces 
l-I corresponding to atoms in a molecule. The criterion used to make the partition 
is that the atomic regions must be separated by zero-flux surfaces S(r) defined by 

Vp( r ) .  n(r) =0, r/e/S(r) (1) 

where p(r) is the one-electron density distribution and n(r) the unit vector normal 
to the surface S. For all surface points the flux of  Vp(r)  vanishes. The choice of 
this criterion is found on the topological features o f p ( r )  [3-5] and on the evidence 
obtained from the analysis of  computed molecular densities p(r) and their 
associated gradient vector field Vp(r)  [6]. Besides it has been shown that all 
properties of  a subspace ~ are quantum mechanically defined in the same way 
as for the total molecular system [4-5]. 

The zero-flux surfaces pass through a point where Vp (re) = 0 (rc being a critical 
point). All the critical points o f p ( r )  have a structural meaning [7]. The properties 
of  a critical point are determined by the eigenvalues of the Hessian matrix of 
p(r), H U = [02p(r ) /Ox i  OXj]r=rc. The eigenvectors associated with the eigenvalues 
determine gradient paths which either terminate or originate at the critical point 
if the eigenvalue is negative or positive respectively. For critical points of rank 
(number of non zero eigenvalues) three, only four values for the signature (number 
of  excess positive over negative eigenvalues) are possible: +3, +1, - 1 ,  -3 .  A 
( 3 , - 3 )  critical point is a maximum in p(r) and they are found almost without 
exception only over the nuclear positions. The critical points of signature +1 or 
-1  are saddle points. A ( 3 , - 1 )  saddle point has a positive eigenvalue and its 
associated eigenvector gives origen to two oppositely directed gradient paths 
which define a unique axis in space along which p(r) increases for motion away 
from the critical point reaching its maximum value at (3, - 3 )  critical points, The 
gradient paths generated by the two eigenvectors corresponding to the negative 
eigenvalues define the aforementioned zero-flux surface. Motion in this surface 
in any direction away from the critical point leads to a decrease in p(r). Because 
of these characteristics the (3, -1 )  critical point has been called the bond critical 
point and the gradient path which links it to the two adjacent nuclei is known 
as the bond path. The remaining types of  critical point may be shown to be 
associated to ring and cages structures ((3, +1) and (3, +3), respectively). 

The value of  p(rb), being rb a bond critical point, is characteristic of  the bind of  
bond [6a]. 

An important property of f l (rb)  is the ratio A I / A  2 of its negative curvatures along 
axes perpendicular to the bond path. The ellipticity e - - (Aa/A2)-  1 provides a 
quantitative generalization of  the t r -  �82 character of  a bond [6a]. In a simple way 
we may state that for a simple bond the radial distribution of p(r) along the 
bond path is uniform, so that e = 0. For a double bond the contours of p(r) in 
the interatomic surface around rb are elliptical in shape hence A 1 and A2 are 
different and their associated eigenvectors define a pair of orthogonal axes 
perpendicular to the bond path: the minor axis along which the magnitude of  
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the negative curvature or p(r) is a maximum (A1) and the major axis along which 
its magnitude is a minimum (A2), hi > A2. Finally for a triple bond, again hi = ;% 
and e = 0. The existence of a �82 delocalization of electrons from one bond to 
another may be detected by a decrease in p(rb) or the bond order and a 
corresponding increase for the other bond, compared with cases of known 
conjugation, and by a parallelism between the major (and minor) axes of the 
two bonds. 

When studying a bond from the energetical point of view, the kinetic energy 
density may be defined as 

G ( r )  = l v v ' r ' ( r , / )  . . . .  (3) 

where F' is the one electron density matrix [8]. This kinetic energy density can 
be related to the local potential energy density V(r) [9]. 

2G(r )  + V(r) =-~V2p(r) (4) 

V(r) = N f d'c' [ ~ * ( - r V ( ~  (5) 

where d~" denotes the spin coordinates of all N electrons and the cartesian 
coordinates of all N electrons but one, and @ is the quantum mechanical potential 
operator. The Langrangian density L(r)=-�88 is a good measure of the 
concentration of charge density [10]. If the Langrangian density in a point is 
positive then the charge density is concentrated in that point and if negative it 
is depleted. 

The molecular energy density H(r) is related to G(r) and V(r) by 

H(r) = G(r)+ V(r) 

since G(r) is always positive and V(r) is always negative, the sign of H( r )  reveals 
whether V(r) or G(r) dominates in the bonding region. A dominance of V(r) 
indicates that accumulation of charge is stabilizing in that region. On the other 
hand, if G(r) dominates then the concentration of charge is destabilizing. For 
covalent bonds H(r)< 0 and L(r)> 0 in the bonding region (in particular in the 
bond critical point). For ionic bonds (non covalent closed shell interactions) 
H(r) > 0 and L(r) < O. 

3. Analysis of results 

In this section we will discuss the topological properties of the electronic density, 
which are summarized in Tables 1 and 2, for the O-Mg and C-Mg interactions 
calculated with 6-31(3 basis set. The conclusions that will be shown are also valid 
when using different basis sets. 

In Table 1 we show the charge (p), kinetic energy (G),  potential energy (V), 
electronic energy (H)  densities, the laplacian of the charge density (VZp) and 
the ellipticity for each bond critical point. We include the data for the isolated 
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Table 1. Topological properties of the electronic density for O-Mg, C-Mg, C~---O, within both adducts 
and the isolated C~O molecule [au] 

CO- MgFe OC- MgF2 

O-Mg C----O C-Mg C----O C------~O 

p(r b) 0.0237 0.4296 0.0166 0.4632 0.4484 
V2p ( r  b ) 0.2170 0.8566 0.1127 0.8641 0.8413 
G(rb) 0.0422 0.8642 0.0222 0.9581 0.9133 
V(rb) -0.0301 -1.1543 -0.0161 -1.7000 --1.6163 
H(r b) 0.0121 -0.6500 0.0060 -0.7420 -0.7029 
e 0.0255 0.0045 0.0890 0.0030 0.0000 

Table 2. Eigenvalues and eigenvectors of the Hessian at the critical point in O-Mg, C-Mg and C=O 
within both adducts 

O-Mg C=O 

h I h 2 A 3 h 1 A 2 A 3 

--0.0362 - -0 .0353 0.2886 --1.4843 - -1 .4776 3.8184 
X 0.0148 0.4894 0.8719 0.0000 - -0 .5000 0.8666 
y --0.9996 0.2820 0.0012 1.0000 0.0000 0.0000 
z -0.0240 -0.8716 0.4897 0.0000 0.8660 0.5000 

C-Mg CzO 

A1 A2 A3 A1 A 2 A3 

-0.0208 -0.0191 0.1526 -1.5574 -1.5527 3.9743 
x 0.0163 0.4809 0.8766 -0.4999 0.0000 0.8660 
y -0.9996 0.0292 0.0026 0.0000 1.0000 0.0000 
z -0.0243 -0.8763 0.4811 0.8660 0.0000 0.4999 

CO molecule.  In  Table  2 we display the eigenvalues and  their associated eigenvec- 
tors for the l igand-meta l  and  C - O  b o n d  critical points .  The molecule  is located 
in the x-z plane.  

First of  all p(rb) in the meta l - l igand critical po in t  is low in both  isomers compared  
with the C ~ O  bond.  The Langrang ian  densi ty L(rb) is negative and  the electronic 
energy densi ty  H(rb) is slightly positive. All these features are characteristic of  
ionic  interact ions.  Compar ing  the critical points  of  the two isomers CO-MgF2(1)  
and  OC-MgF2  (2) the electronic charge densi ty  is greater in the former. The 
Langrang ian  densi ty  is lower in 1, so that in  spite of  the greater electronic densi ty 
in 1 compared  with 2 we conc lude  that in 1 is more depleted because it is more 
contracted in the in te rnuc lear  axis direct ion (see also the magn i tude  of  the positive 
eigenvalue) .  This suggests a greater ionici ty of  the C O - M g  interact ion compared  
with the O C - M g .  
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Fig. 1. Contour maps of the electronic charge distribution for the OC-MgF 2 and CO-MgF2 adducts. 
Profiles values: 0.02. 0.06, 0.10, 0.18, 0.34 

The origin of  the greater electronic density in 1 (shown in Fig. 1 by means of a 
density map)  may be traced back to the following facts: (a) The electronic density 
in the C = O  critical point is greater in the isolated CO molecule compared with 
the CO-MgF2 by 4.3% but lower compared with the OC-MgF2 by 3.2%; they 
are minor differences (density in C----O bond critical point is lower than C = O  
density by 16%) but nevertheless important to our discussion; (b) The CO bond 
critical point in the adducts shows a slight ellipticity that indicates an increment 
or decrement of  electronic density, compared with isolated CO, in a preferred 
direction; (c) In 1 the major  axes of  the O - M g  and C-O bond ellipticities are 
parallel (the bonds are conjugated) while in 2 the major  axes of  the ellipticities 
of the C - M g  and C-O bonds are perpendicular to one another and the bonds 
are not conjugated; (d) It is shown [11] that the isolated CO molecule shows 
large accumulation of charge in the nonbonded regions of each atom, but the 
concentration is greater in the region corresponding to the oxygen atom. 

The data indicate that in 1 the C - O - M g  bonds are conjugated and as a result of  
this, delocalization charge density is transferred from the C-O bond and from 
the nonbonded region of the oxygen atom to the O-Mg bond. In 2, the carbonyl 
and C - M g  bonds are not conjugated, less charge is present in the C - M g  bond 
than in the O-Mg bond of  1 and charge from the nonbonded region of  the oxygen 
atom is instead transferred and accumulated in the C - O  bond. The differences 
between both isomers can be explained as due mainly to the polarizing effect of  
the positively charged Mg atom and to the easily polarizable and extended 
nonbonded density in the oxygen atom. 
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